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SUMMARY

The growth of protein crystals is known to be the limiting factor
in the determination of the three-dimensional structures of most
proteins. It is expected that the kinetics of supersaturation. which is
directly related to solvent evaporation, will affect protein cryvstal
growth and nucleation and accordingly determine the quality, number.
size and morphology of the crystals. With a technique that controls
the evaporation of solvent from a protein solution with No (g) it is
possible o determine the effect of different evaporation profiles on
hen egg vwiite lysozyme crystals. Hen egg white lvsozyme was chosen
as the m:Ze2l protein because it crystallizes easily and has solubility
data avaiizble for most salt, pH and temperature ranges. Commercially
available .vsozyme was further purified by a number of methods.
Crvstals Z-own with the purified lvsozyme and with the unpuritied
lvsoznvme i citrate buffer were different shapes but were found to be

of the sarme svmmetry space group by precession photos.

Dit:zrences were seen in the lysozyvme cryvstals grown using

Cifferent sv:poration rates. At three of the four initial conditions for
lvsosvime orvstal drowth longer evaporation times yielded bertter
cryvitals.  The evaporation times required to see a change in the

appearance of the crystals was much longer than expected. The
number 7 rates studied so far represent onlv a small fraction of the

ones now available with the gas evaporation device. The technigue
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also provides for control of both solution pH and temperature which

are related to the solubilities of proteins.
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CHAPTER I

BACKGROUND

Introduction

While the function of biological macromolecules is determined by
their molecular structure, the determination of the three-dimensional
structure of these molecules by X-ray analysis relies on the availability
of high quality protein crystals. The use of crystals in structural
biology goes back to 1934, when the first X-ray diffraction pattern of a
protein crvstal was produced [1]. Since then. tremendous prodress
has been made in every area of X-ray crystallography except for
crvstallizazion. It is the difficulty in producing high quality protein
crvstals which is now delaying structural determinations of most
proteins. While structure determination can be done in several weeks
to a few months, the production of suitable crystals has remained an
empirical crocess and is. therefore. time intensive.  Rational
approachess to protein crystallization are neceded to fulnill ihe
increasing need for three-dimensional knowledge of proteins. nucleice
acids and multimolecular assemblies. This need has been increasing
over recent vears with the advent of techniques such as site directed
mutagenesis [2] and rational drug design [3]. The work reported in

this thiesis as been carried out with the intention of breaking the
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"bottle neck" of X-ray analysis by providing both better techniques for
obtaining protein crystals as well as an increased understanding of the

mechanism of protein crystallization.

X-ray Diffraction Methods

Protein crystallography plays an important role in the
understénding of specific functions of biological molecules by
providing the three-dimensional structures of the molecules. The
entire process relies on crystals of high enough order to diftract
monochromatic light producing a diffraction pattern. | The electron
density in the crystal is calculated by Fourier Transformation of the
diffraction pattern. This requires information of the intensities and
directions of the diffracted rays which are measured on photographic
film or. as in the case of proteins, on an area sensitive detector.
Determination of the relative phase of each ray is the most challenging
task. One solution for phase determination is isomorphous
replacement [4] where a heawy atom is placed within the cryvstal
without disturbing its packing. The phases of the diffracted ravs are
determined by their changes in intensity with the addition of the
heavy atom. Phase determination is another area that would benefit
from an increased understanding of protein crystal growth processes.
It is not uncommon for heavy atom derivatives of proteins to resist

crystallization with traditional methods. Since isomorphous




replacement is the primary technique for phase determination, this is
a major stumbling block to structure determination. However, as
understanding of the mechanisms involved in crystal growth
increases. so will the ability to obtain crystals of heavy atom
derivatives.

Once the phase and amplitude of each diffracted ray are
determined. the electron density of the protein may be calculated.
The secondary structure is obtained by matching the density with the
amino acid residues of the primary structure. The structure is then
refined by computer methods. Knowledge of the struéturc of a protein

can then be used to provide information about its biological function.

Required Properties of Protein Crystals

The first requirement of protein crystals for X-ray diffraction
analvsis s the need for single crystals and not multiple growths.
These single crystals should measure at least 0.3 mm in cach
dimension. This size restraint results from a compromisc between
maximu:n diffraction intensity and minimum crystal absorption for
copper K, radiation. The diffraction intenéity is proportional to 19e-ul,
where | is the linear dimension of the crystal and u the linear
absorption coefficient. The degree of order in the crystal should be as
high as possible;  the crystal should at least produce diffraction to 3A

resoluticss. A high degree of order is thought to be related to both

ORIGIMAL FAGE
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mechanical and chemical stability as well as low solvent content [5]. It
is also important for the protein to be present in the crystal in its
native state. Since there are only a few contacts made between
protein molecules within the crystal, the proteins are mainly
surrounded by solvent. Matthews [6] has compiled data on solvent
content of protein crystals and has estimated that, on average, 50% of
the unit cell is solvent. Normallv, protein crystals are thought to range
from 20%-70% solvent with some extreme cases even higher [7] [8].
The solvent in the crystal allows the protein molecules to remain in
their native state. Evidence that molecules do remain in their native
state arises from activity measurements on crystallized enzymes, and
comparison of protein structures from different media [9] [10].

The qualitv of protein crystals can be evaluated in a number of ways.
A qualitative analvsis can be made by viewing the crystals under
magnificaton. The number, size and morphology of the crystals can
be important indicators of the crystal quality. The appearance of
inclusions. imperfections and clusters are sometimes characteristic of
crvstals with low internal order. A more thorough analysis of the
crvstal order is the measurement of diffraction resolution. This
provides some indication of the internal order of the crystals but can
be highlyv subjective and is often dependent on crystal orientation.
The most comprehensive analvsis is to compare three-dimensional
intensity Zata sets. These tvpes of analyses rely on previous
knowledge o the structure of the protein and require the use of an

area detec:or for data collection. Since this type of analysis is quite
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detailed only a few investigations of crystal quality have been

completed [11].

Theoretical Principles

Current theories of macromolecular crystal growth generally divide
the process into three steps: nucleation. post-nucleation growth. and
cessation of growth[12]. These three processes are described

energetically in Figure 1 [13] and are discussed in detail below.

Nucleation

There are two types of nucleation: homogeneous and
heterogeneous. Homogeneous nucleation occurs in the absence of
foreign particles as opposed to heterogeneous nucleation which takes
place on the surface of foreign bodies. Both types of nucleation have

been useful in protein crvstallographv.
- S -

Homogeneous Nucleation. From an entropv point of view it is

unfaverable for disordered molecules to aggregate into ordered
crystals. However, many favorable bonds are made within the crystal
to counteract the entropy ettect. Before these contacts are made it is
energetically unfavorable for the molecules to agdregate (Figure 1). To

overcome this energy barrier. solution conditions are adjusted to

supcersaturation so that protein molecules are forced to lorm

L I i
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Figure 1. Schematic Representation of the energetics of crystallization
and of amorphous precipitation.

6




aggregates. Basically, at supersaturated conditions there is not enough
water to maintain hydration or to shield the protein molecules from
neighboring protein molecules. These aggregates can then go on to
form ordered nucleates or disordered amorphous precipitate. The
difference in these two states can be approximated by addition of
molecules only at end positions of a linear chain (amorphous
conditions) or the addition of molecules in three dimensions
(crvstallization conditions). If the aggregation occurs too rapidly. an
amorphous precipitate will often form. This is undesirable. as crystals
generallv do not arise out of this state. In some cases. however.
crvstals will form along with precipitate or form after the precipitate it
the energyv barrier between the two forms is low enough:.

Once nuclei are formed thev serve as the base tor addition of more
single protein molecules, or monomers [14] {15]. These monomers
continue to attach to the crystal until an equilibrium has been reached
between the liquid and solid phases. A more recent theory [16]
suggests that the protein monomers form nucleates when
concentrated enough, and these nucleates combine to torm larger
part:cles. Experimental evidence has been shown to support both of
these theories, so it is possible that both processes mayv be occurring

simultaneously.

Heterogeneous Nucleation. In the case of heterogencous nucleates.

a crvatal is introduced into a supersaturated solution ot a sccond

combound. At a critical level of supersaturation. significantly lower

~]

e
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than that required for homogeneous nucleation, crystals of the second
compound will nucleate and grow from crystal faces of the added
crystal. The promotion of nucleation of the second compound is duc
to physical and/or chemical interactions between the two compounds.
It is presumed that the second compound is concentrated on the
added crvstal perhaps by absorption. Heterogeneous nucleation has
been used to grow crystals of several proteins [17] [18] [19]. There is
one advantage to heterogeneous nucleation over homogeneous
nucleation. Growth of crystals from high levels of supersaturation tend
to produce crystals with defects. The ideal conditions for growth are
at a much lower supersaturation level than the conditions required for
homogenecus nucleation. Heterogeneous nucleation allows growth at a
much lower supersaturation level thereby yielding higher quality
crystals. However, heterogeneous nucleation often vields crystals of

undesirat.e space groups.

Post-Nucleation Growth

The scoond step in the crvstallization process i post-nuclkeation
growth. Tihere are two stages in the growth process: (L the
transpor: o7 material to the growing crystal suriace and (2] the
associaticr: of the molecules with the ordered crystal lattice. The

growth rate of the crystal is belicved to be limited by botlv of these

o

processes. [t is desirable to slow the first stage so that molecules are

added o e latdee at a slow rate resulting in a higher crdered ervstall



This is difficult since nucleation, the first step, requires a high
supersaturation level. A high degree of supersaturation usually leads to
numerous small crystals. Crystals that grow too fast usually reach a
smaller terminal size, presumably because of structural defects that
have been incorporated into the lattice [20]. In order to obtain large.
single crvstals, the level of supersaturation must be kept low. so that
molecules are not forced into the crystalline lattice in a disordered

fashion.

Cessation of Growth

The firz. step in the protein crystallization process is the cessation
of growth. After a long time interval. crystals will cease to grow. even
if the level of supersaturation is increased. This phenomenon is not
completelv understood. It is possible that some change in the crystal
surface causes further growth to be unfavorable. This could be due to
the accumulation of surface defects resulting from improperly
oriented tr-otein molecules or incorporation of impurities which do
net tiv the Cattice well. Regardless. crvstals seem to reach a terminal

size basec 1 experimental conditions.
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Methodological Principles

Crystallization is generally achieved by forcing protein molecules
out of solution with slow approaches to insolubility. This is carried out
by adjusting one or more of several solution parameters. The most
common have been ionic strength (salts) [21] [22] [23]. dielectric
constant (polyethylene glycol (PEG), and organic solvents) [24]. pli
[25]., counter ions [26] [27], and temperature [28]. A comprehensive
list of the factors which effect protein crystals is shown in Table !
[29]. Sirce proteins denature under mildly hostile conditions the onlv
conditior:s that can support crystal growth are those that cause no
perturbazicn of the molecule's properties. Thus, protein cryvstals arc
grown from solutions that maintain a tolerable rande of pH.
temperature. and ionic strength.

The ccncentrations of the macromolecule and precipitant are the
most impo-tant factors affecting crystallization. These levels mus: be
chosen s that crystallization is achieved. Highly concentrated pretein
solutions 10-100 mg/mlL) are used. The proteins should be as pure as
possible - eliminate interfering effects {rom contaminants.  The
purity of trotein samples has been studied and the eftect of impurities
on cryvstal quality has been_ quantified [30]. The most serious eftect of
impuritics s loss in reproducibility from one crystallization bateh «

another. 3Since several crvstals of the same space ¢group are c'ten
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Table 1. Variables Influencing Macromolecule Crystallization

Concentration of precipitant
Concentration of macromolecule
Temperature

pH

Pressure

Level of reducing agent or oxidant
Substrates. coenzymes, and ligands
Purity of protein or nucleic acid
Preparation and storage of macromolecule
Proteolysis and fragmentation

Age of macromolecule

Degree of denaturation

Vibration and sound

Volume of crvstallization sample
Metal ions

Seeding

Amorphous precipitate

Buffers

Cleanliness

Organism or species from which macromolecule
was isolated

Gravity. gradients, and convection

11



needed to gather a complete data set the inability to reproduce
crystals under the same conditions is limiting.

Temperature is another important factor since the solubility of
proteins varies with temperature. Most proteins have a solubility
minimum at low temperatures while others exhibit a solubility
maximum at low temperatures. Extreme deviations in temperature
can cause a protein to denature or form an amorphous precipitate.
Unfortunately, temperature as an adjustable parameter is {requently
ignored as an important variable and is most likelv responsible for
much of the unreliabilitv associated with protein crystal growth.
However, temperature can be used as a crystallization method. usually
by slowly cooling a saturated solution to produce a supersaturated
solution [31] [32].

The nature of the precipitant can greatly affect the ability to obtain
crystals. There are three main varieties of precipitating agents: salts,
organic solvents, and hvdrophilic polymers. Salts (Table 2) [33]
increase the ionic strength o: the solution. which decreases the
solubilitv of proteins. By slow!v increasing the concentration of the
precipitant, the protein iz foresd out of solution.  Organic solvents
interact with water molecuies ind decrease the ability of water to
solvate the protein molecules. Organic solvents (Table 3) [34] also
alter the dielectric properties ot the solvent, which can decrease a
protein’'s solubility. Hydroph:lic polymers of varving sizes (1000,
4000. 6000, and 10000} are cimen used to cryvstallize proteins [33].

Though the actual mechaniso which causes ervswals to form in

12
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Table 2. Salts Used in Crystallization

Ammonium or sodium sulfate
Lithium sulfate

Lithium chloride

Sodium or ammonium citrate
Sodium or potassium phosphate
Sodium or potassium or ammonium chloride
Sodium or ammonium acetate
Magnesium sulfate
Cetyltrimethyl ammonium salts
Calcium chloride

Ammonium nitrate

Sodium formate

Table 3. Organic Solvents Used in Crystallization

Ethanol
Isopropanol
2-Methyvl-2,4-pentanediol (MPD)
Dioxane

Acetone

Butanol
Acetonitrile
Dimethyvl sulfoxide
2.5-Hexanediol
Methanol
1.3-Propanediol
1.3-Butyrolactone

okl t el C S T N g
OB BT AP

s = 13
OF 7O QUALTY



polyethylene glycol mixtures is not well understood, they are thought
to function by binding to water. decreasing the solubility of the
protein. They also alter the dielectric properties of the solution.

Even if suitable conditions are found which will vield crystals of a
desired protein, the quality of those crystals may be poor due to the
effects of gravity during the growth process. Gravity is an important
non-solution factor affecting the quality of protein crvstals. Ideally.
one wishes crystal growth to be controlled by diffusion of protein to
the growth surface. On Earth. density gradients are created as the
solution surrounding a growing crvstal is depleted of protein. As a
crystal grows and removes solute from solution. the resulting decrease
in density around the crystal causes a buoyvant plunie of less dense
solution to rise from the growing crvstal. This solutal convection was
first described by Frankenheim [36] more than a hundred vears ago.
Solutal convection is known to influence many cryvstal properties.
including growth kinetics. impurity incorporation. crystal composition
and morphology. Schlieren images of growing protein cryvstals have
proven the presence of a convective plume about the crystals [37] [38].
A mathematical model has been developed to describe solutal flow in
protein crvstal growth [39]. While this is a step torward. the role
played by these hyvdrodynamical etfects in the growth of crystals from
solution is better established for small molecules than for proteins.
Gravity can also cause sedimentition of cryvstals to the bottom ot the

solution in which they are growing., This can cause problems by
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causing crystals to grow into each other or producing fragile crystals
that break when analyzed.

One possible approach to minimizing these flows and
sedimentation effects is the use of the microgravity environment.
NASA, as well as other agencies [40] [41], is actively investigating
protein crystal growth in microgravity as a way to obtain more ordered
crystals for use in structure determination [42]. Crystallization of -
interferon D1, porcine elastase, and isocitrate lyase in the
microgravity environment has yielded crystals that are larger, exhibit
more uniform morphologies and produce diffraction data to
significantly higher resolutions than the best crystals of these proteins

grown on Earth [43].

Crystallization Methods

Vapor Diffusion

Currently, vapor diffusion methods are the most trequently uscd
method for growing protein crystals {44]. The basic components of
vapor diffusion crystallization are a drop of protein solution. containing
protein and precipitating agent, and a larger reservoir. containing only
precipitating agent. The method relies on the fact that there is a
higher concentration of a precipitating agent in a reservoir and. as a
result. the equilibrium vapor pressure above the reservoir is lower

than that of the protein drop. Since the svstem is sealed, water

15
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evaporates from the drop increasing the concentration of precipitating
agent and protein until the drop and reservoir have equal vapor
pressures of volatile components. The shape of the equilibration curve
is determined by the initial solute concentrations, the difference in
the equilibrium vapor pressure of the drop and reservoir, temperature
and the diffusion path of the vapor [45]. The conditions of
supersaturation that result in the protein solute leaving the solution
phase as a crystalline solid must be achieved during this equilibrium
process: however, the optimal conditions for crystal nucleation and
growth are most often not attained by this method [46]. Furthermore.
since nucieation takes place at a supersaturation level which is usually
much higher than the level required for sustained crvstal growth. it
would be desirable to lower the supersaturation after nucleation has

been incduced [47].

Hanging Drop. The hanging drop method [48] is the most

frequentiv emploved method for growing protein crvstals. A drop
(tvpically 10 to 50 pl) containing the protein. buffer. and precipitating
agent iz ~ung from a silanized glass microscope coverslip over a
reservoir sslution in a sealed chamber (see Figure 2). The reservoir

solution contains the same buffer as the protein drop. but the
precipitan: concentration is higher (tvpicallv twice that of the drop).
This d:iiizrence in precipitant concentration causes volatile

compons=:ts to diffuse from the drop to the reservoir solution.

16
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Reservor

Figure 2. Hanging Drop Chamber.

This occurs until the vapor pressure is equal in the drop and reservoir.
Since the volume of the reservoir is large compared to the drop. there
is little dilution effect in the reservoir due to the water added from
the drop. The precipitant concentration of the reservoir can be varied
so that any final volume in the drop can be achieved. The time
required for equilibration varies with the factors mentioned above.
Another important variable which is controlled in a similar manner
is pH. If the pH of the drop is significantly different than the pH of
the reservoir, volatile acids and bases will diffuse from the reservoir to

the drop until the pH of the drop reaches the pH of the reservoir.

Sitting Drop. The sitting drop method [49] is another frequently

used procedure for growing protein crystals. The protein drop is
placed on a platform which sits above a reservoir solution. The
chamber is sealed with a glass coverslip and is shown in Figure 3. The

concentrazion procedure is similar to the hanging drop method with
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reservoir solution. Volatile components diffuses from the protein drop
to the more concentrated reservoir solution. Larger amounts of

protein solution (up to 100 puL) may be used than with the hanging

..............

Reservoir

Figure 3. Sitting Drop Chamber.

drop method. The time for evaporation of sitting drops has been

found to increase with increased drop volume [50].

Sandwich Drop Method. A variation to the sitting drop method

involves lowering the glass coverslip until it touches the top of the
drop. formiing a "sandwich” between the platform and the coverslip
(see Figure 4). This procedure [51] reduces the exposed surtace
areaof the protein solution, so equilibration between the protein and
reservoir solutions occurs at a slower rate than in other methods.
This arrangement is more suitable for optical viewing as the protein

drop is situated between two flat. transparent surfaces. There is more

18




contact with surfaces which can lead to multiple nucleation sites on

the glass.

Protein Drop

.............

Reservoir

Figure 4. Sandwich Drop Chamber.

Liquid/Liquid Diffusion

Trese methods allow protein and precipitating solutions to come in

contact ~with each other. either directly or separated bv a semi-

)

ermeal . membrane. Crvstallizations are usually atfected by varving
the soluion concentrations until conditions are found which are
suitable ior crystal growth. When in direct contact, the two solutions
diffuse 220 one another. When separated by a membrane, water and

salts perieable to the membrane diffuse from the protein solution to

,
Y

Tresioirating solution.
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Batch Method. This is perhaps the simplest of the liquid/liquid
diffusion methods [52]. This method mixes the protein and
precipitant together and lets the resulting solution sit undisturbed.
Hopefully, the precipitant will force the protein out of solution as
large. single crystals, although an amorphous precipitate or micro-
crystals may form. Often, varying the level of precipitant only slightly
will give a very different result. Thus, this method is not very

reproducible.

Dialysis Method. A widely used method involves liquid diffusion

across a2 membrane between two solutions [53]. One solution contains
the protein and precipitating agent. The other solution contains
precizizating agent at a higher level than in the protein solution. The
two sciutions are separated by a dialysis membrane that does not allow
protein to pass through it. Water and salts can diffuse through the
dialvs:s membrane between the two solutions. Protein is forced out of
solut.cn either by water or salt equilibrating across the membrane.
The =<zuilibration rate can be varied by changing the relative

concenratons of precipitating agent in each solution.

Gel Methods. A less commonly used method which shows some

prom:s2 tor minimizing the etfects of gravity involves the growth of
crvsiils in gels [54]. Two types of gels are used. physical gels and

cherniiozl gels. Phyvsical gels consist of polvmeric chains entangled

20
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together and held by non-covalent bonds. These gels are typically
made of gelatin or agarose. Chemical gels consist of polymeric chains
which are covalently cross-linked with each other. Silica or
polyacrylamide is usually used for making these types of gels.

Crystals grown in gels are suspended in the bulk, not on the bottom
of the cell, unless that is where nucleation occurred. The crystal is
supported by the gel network, but can continue to grow as this
network is not rigid. This network provides the most desired feature
of a gel. the minimization of convective flow due to density gradients
produced by a growing crvstal. This property allows the growth
process to be dominated by diffusional mass transfer, not convective
flow to the growth surface.

The use of gels to grow crystals is currentlv limited by the small
terminal size the crystals reach. This problem may be due to
mechanical restraints induced by the gel network. or possibly by slow

diffusion of protein monomers through the network.

Automated Systems

There are several svstems. both commercial and research. which
can be used for screening crystal growth conditions with minimal
human intervention. These systems typically incorporate robotics and
computer control for deploving solutions and monitoring the growth
process [55] [56]. Most of these devices are based on the hanging

drop vapor diffusion technique, using a liquid reservoir to affect the
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evaporation of a protein solution. Though these devices greatly reduce
the need for human intervention, they still take a trial and error
approach to finding suitable crystallization conditions. There has been
an attempt to use these systems to converge on suitable conditions
based on prior experiments [57]. A basic statistical design approach
has also been developed to attempt to predict conditions suitable for
crystal growth [58]. All of these approaches still do not allow the
conditions of an experiment to be dvnamically modified while cryvstal

growth is in progress.

Lysozyme Crystal Growth

Lvsozvme catalvzes the hvdrolvsis of a polvsaccharide that is the
major constituent of the cell wall of certain bacteria. The solution ot
the structure of lysozyme is one of the triumphs of XN-rav
crvstallography [59] [60] [61]. The mechanism of the enzyme. which
was previously unknown. was determined by examination of the
structure of lvsozyme and its complexes with inhibitors [62]. Because

v

o

onvie crvstallizes easilv it has been the protein of choice for most
protein crvstal growth studies [63] [64] [65] [66] [67] [68] [6v.
Lvsoname also has readily available solubility data for most salt. pH and
temperature ranges [70]. The mechanisms for the crystal growth ot
Ivsozviie have been studied with electron microscopy.  The drowih
mechanism was tound to be a lattice defect mechanism at lew

supersaturation  and  two-dimensional nucleation  at hich
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supersaturation [71]. From studies on lysozyme it is hoped that

general theories can be developed for protein crystal growth.

Purpose and Scope

Analvzing protein structures by crystallography can be a
slow and difficult undertaking since the first, and possibly
hardest task, involves growing X-ray quality grade crvstals.
which have to be well ordered to give rise to good
diffraction spots.

Gronenborn and Clore [72]
Analvtical Chemistry .
January 1, 1990

The growth of protein crvstals has been shown to be the limiting
factor in the determination of the three-dimensional structures ot
most proteins. Current systems. although useful for screening a large
number of conditions, do not have the capability to grow cryvstals by
changing the solution parameters while an experiment is in progress.
There is a need for techniques to allow crystal growth without the
exhaustive screening process. This need is particularly critical in the
cases of hard to obtain proteins. where numerous trials are not
possible due to lack of material. The difficulty in development of new
techniques has been the nature of the proteins, need tor a dust free
environment, and micro size requirements. Despite these ditficultics.
this thesis reports a technique which emplovs No(g) to control the
evaporation of a hanging drop. The kinetics of water evaporation will

determine the kinetiecs of supersaturation and accordingly influence
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the number and size of crystals. With this technique it was possible to
determine the effect of different evaporation rates on protein crystals.
It also provides for control of both solution pH and temperature which
are related to the solubilities of proteins. With this added control it is
possible to provide different supersaturation levels for the nucleation
and growth levels.

In order to develop the technique it was first necessary to quantitv
the evaporation and pH equilibration within a hanging drop vapor
diffusion crystallization experiment. This technique has been of
interest to NASA because it allows computer Coﬁtrol of solution
conditions thereby eliminating the need for interaction with the
mission specialist on board the U.S. Space Shuttle. Current plans are
to incorporate a flight version of this technique on the U.S. Space
Station. Freedom, in 1992. Although the advantage of automating the
crvstal growth processes was the main driving force in developing the
technique. the added control provided a tool to probe the nucleation
and greowth supersaturation regions which has led to an increased

undersianding of each step.
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CHAPTER II

HARDWARE AND SOFTWARE

Introduction

Development of instrumentation to control the evaporation and pH
of a 1¢ - 20 uL drop was not an easy task. The most difficult challenge
was ¢ cesign and build a monitoring syvstem that allowed closcd-loop
contro. of the evaporation process. It was desirable to have complete
compurer control and monitoring of several parameters including plil.
temperature, and ionic strength. All of these must be monitored in a
non-irnvasive manner in order to protect the delicate protein crystals.
The ::zterials that came in contact with the crystallization solution
were c¢nosen carefully so that thev did not induce nucleation or
con-xniinate the crvstals.  Other important considerations in the
develoriment were the retrieval of the ervstals tor X-ray analvsis, the
puri:v of the gas stream, moisture leakage, the number and size of

cells. In order to develop the system in as little time as possible.

com:zroial products were used it thev were available.  Otherwise. the
comronats were built in-house.  In the same manner, the software
30
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programs were custom designed using commercially available data

acquisition and control programming languages.

Hardware for pH Control

The pH of a hanging drop was controlled using acidic or alkaline
vapor transfer. A 30 pL drop was suspended from a solid state micro
pH electrode (Lazar Research Laboratories. Model PHR-146
Combination) with a flat tip (Figure 3). This electrode is ideal for pH
measurements of micro samples due to its low output impedance as
compared to a glass electrode with the same sensor size. The low
output impedance yields a stable signal with little noise interference.
The pH electrode was housed in a glass cell with a septum for
introducing the drop onto the electrode. The electrode was
connected to an Orion Research 501 digital ionanalyzer with a U.S.
standard connection. The pH meter was interfaced to an AT&T PC
6300 personal computer through a Keithly Series 500 Scientitic
Workstation which included 3 boards: (1) AMMI1 Master Analog
Measurement Module (2) AIM7 Thermocouple Input Module (3) DIO!
Digital Input/Output Module. Since the signal from the pH meter was
on the order of 10-100 mV it was amplitied with a x100 narrow
bandwidth amplifier on the Keithly AIM7 Board. Ns3(g) was bubbled
through either solutions of acctic acid or water. or allowed to pass to
the cell dry for evaporation. The gas was routed to the cell with

microtore autoanalysis tubing (Cole Palmer #N-07626-5-41
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To computer
(via pH meter)

pH electrode

H20

/®_ Acctic Acid —®

Tank

Figure 5. Schematic of arrangement for pH control of a hanging
droplet. :
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The micro solenoid valves (LEE INSTAC, 2-way and 3-way normally
closed) were computer controlled with digital output signals from the
DIO1 to an Opto 22 PB16A Solid State Relay Board which converts
digital signal to voltages for activation/deactivation of the solenoid

valves.

Software for pH Control

The software was developed with LabTECH Notebook, by Laboratory
Technologies Corporation. A flow chart of the program logic is shown
in Figure 6. One channel of analog input was set up to monitor the
signal from the pH electrode. This analog signal was converted to pH
using the calibration relationship shown in Chapter 5. The valves were
controlled through a channel of digital output. The opening/closing
sequence was determined by a waveform file of code developed prior
to running the particular experiment. Thus, there was open loop
‘control of the experiment. The experiment was either terminated
manually or by time out. Upon termination of an experiment, a file
with ASCII file format was created containing the data in single
column format. This ASCII file was then able to be read in Lotus 1-2-3
for analysis and graphing. LabTECH Notebook was found to be limiting
because of its channel structure. It was not flexible enough to have
several decision making routines or set-point checks necessarv for

closed-loop control.
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Hardware for Evaporation Control

The hardware for evaporation control went through a year of
evolution before it was found to be satisfactory. Because of the rigidity
of LabTECH Notebook, it was necessary to change to LabVIEW by
National Instruments (Austin, Texas) [1] [2] {3]. This data acquisition
language provided complete programing and supported Macintosh
systems. There are five main parts to the device: (1).>Gas Handling (2)
Crystallization Chambers (3) Evaporation Control (4) Evaporation
Monitoring and (5) Temperature Control and Monitoring. These
individual components are described below in detail. Briefly, their
arrangement is shown in Figure 7. A Macintosh II microcomputer was
interfaced with a 5B Series Signal Conditioning Module (National
Instruments) and an SSR Series PB24 Relay I/O Board (National
Instruments). This provided for reading and conditioning of analog
and digital input/output signals. The crystallization chamber was built
in-house and allows 12 crystallization experiments to be individually
controlled by the computer. The volume of water evaporated from the
drop is determined by a microvolume thermal conductivity detector
(TCD) (Gow-Mac Model 133 Bridge Water). The entire system is

placed in a temperature control box that was also built in-house.
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Gas Handling and Evaporation Control

Dry nitrogen gas was passed through three filters prior to entering
the TCD or the crystallization chamber. The first filter contained
CaCl, to absorb water. This was to ensure that the gas was dry before
purging the chamber. There were two other filters in the gas line for
removing particles. The first was a 60 um filter (Nupro Company),
followed by a 5 um filter (Nupro Company). This ensured that no
particulate matter which may be in the gas stream (greater than 5 ym)
reached anv of the system components or the protein drop. The flow
rate was measured with a svstem of two rotameters one which
measured flow rates from O to 1.5 mL/sec (Omega Engineering) and
one that measured higher flow rates from 0 to 80 mL/sec (Omega
Engineering). There was a constant flow of gas through the thermal
conductivity detector in order to maintain a constant baseline when
not in purge mode and to cool the filaments in the detector. The gas
passed through the reference side of the detector to a three-way Lee
valve (valve 1, Figure 8). Valve 1 allowed the gas to be directed to
another valve (valve 2, Figure 8) or diverted to the chamber. Figure 8
shows the arrangement which allowed the gas to be diverted to the
crystallization chamber. When valve 2 was activated, the gas was
diverted through the crystallization chamber and the gas in the
chamber {which contains water vapor) was directed through the

sample side of the TCD. Since the thermal conductivity of
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water-saturated gas is significantly different than the thermal
conductivity of dry gas the wheatstone bridge in the detector is
unbalanced. The amount of imbalance is proportional to the amount of
water in the gas stream. This can be calibrated back to the amount of
water that has been evaporated from the drop. For a review of the
quantitative use of a thermal conductivity detector see [4]. The TCD
was connected to only one of the 12 crystallization cells. Since the
flow rate was found to be equal (+ 1.3%) in each cell the evaporation of
a drop within each cell will be equal.

Each valve was electrically connected to a relay on the SSR Series
Relav Board which was in turn connected to the NB-DIO-24 Board
(National Instruments) inside the computer (Figure 12). In a similar
manner. the thermal conductivity detector was connected to a 5B40-
02 module on the CB5 Board where its 0-40mV signal was amplitied
to a 0-5 \ signal before A/D conversion on the NB-MIO-16 Board
(National Instruments). This set-up provides the most protection

from noise interference.

Crystallization Chambers

Initial attempts to build a chamber that was air and moisture tight
failed. The first chambers were machined out of plastic materials
(lexane. plexiglass and polystyrene). Leak tests were run on each

prototvpe bv measuring the conductivity of a NaCl drop before and
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after it was allowed to sit for an extended time period. Water vapor
was found to permeate, adsorb and/or absorb with most of the plastics
that were used. This was found to be in agreement with reports in the
literature [5] [6]. Not until a glass cell was made were any of the leak
tests successful. The final version is shown in Figure 9. It is an
adaptation of a Linbro Tissue Culture Plate. The plate is made of
polyethylene and has 24 wells. Glass inserts were made out of 5/8"
Pyrex glass tubing. These glass inserts friction fit into one of the
Linbro wells. Thus, the Linbro box only served to support the glass
cells. Gas inlet and outlet tubings (2mm glass tubing) were attached
so that the gas flowed in at the bottom of a cell and out at the top.
This geometry assured that the gas would fill the cell and flush it out
most efficiently. The outer wells of the Linbro plate were modified to
hold the glass cells (Figure 10). Microbore tygon tubing was used to
connect the inlet tube to the solenoid valve and the outlet tube to the
oil well. The oil prevented the atmosphere from entering the cells.
Solenoid valves on the exit tube were tried but it was found it was
difficult to synchronize opening and closing of the valves which caused
back pressure problems. To do a crystallization experiment a protein
drop is placed on a silanized microscope cover slip and sealed to the
cell with Dow Corning vacuum grease or other low vapor pressure

greases.
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Evaporation Monitoring

Several different approaches were taken to monitor the evaporation
of solvent from the drop. The most successful techniques are
discussed here while the less successful attempts are discussed with
limited detail in Appendix 1.

(1) Thermal Conductivity Monitoring of Gas Stream (above)
(2) Relative Humidity Monitoring Inside Chamber
(3) Continuous Monitoring of Solution Conductance
(4) Periodic Conductance Measurements with

Micro Conductance Cell (Appendix 1A).
(5) Periodic Refractive Index Measurement (Appendix 1B).
(6) Gravimetric Analysis of Drop Volumes (Appendix 1C).
(7) Chloride lon-selective Electrode (Appendix 1D).

Relative Humidity Monitoring Inside Chamber. The relative

humidity of the air inside the crystallization chamber was measured
with a miniature humidity indicator (Thunder Scientific, Model XX)
that was epoxied to the bottom of the glass cell (Figure 11). The
humiditv indicator was connected to its circuit board whose signal was
then passed to a 5B41-05 + 5V signal conditioning module where the -
voltage was amplified before A/D conversion with the NB-MIO-16
Board (Figure 12).
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Continuous Monitoring of Conductance. The concentration of salt
in the protein solution was determined by measuring the conductivity
of the solution. Since the protein and salts in solution were non-
volatile, the conductance of the salts in solution could be used to
determine the concentration of salt in solution and changes in
concentration can be related to the amount of water evaporated from
the drop. A Plexiglass disc {1/4 inch thick, 1 inch diameter) was
modified by adding two 24 gauge platinum wire électrodes 2 mm
apart. A drop containing the protein and precipitant was suspended
from the Plexiglass coverslip making sure that both electrodes were
covered with solution. The Plexiglass disc with electrodes is also
shown in Figure 11. A YSI conductance meter was connected to the
electrodes and to the 5B40-02 on the signal conditioning board
(through the recorder output) and then to the computer through the
NB-MIO-16 multipurpose board (Figure 12). This signal was related to

a previous calibration (Figure 60, Chapter 6).

Temperature Control and Monitoring

The temperature of both the TCD and the crystallization chamber
was controlled with a temperature control box (Figure 13). The box
was mac: of 1" plvwood and used thermostated water from a Lauda
Water Circulator to control the temperature. The water was circulated

through 2 car radiator while air was forced over the radiator. When

46
CRIGWNAL PAGE IS
GF wOUR QUALITY



the circulator was set at room temperature (23°C) the temperature
remained constant in the box to + 0.2 °C. The temperature was
monitored at several locations in the box with T-type thermocouples.
The thermocouple was connected to a 5B37-T-03 Module which
provided linearized cold junction compensated responses to the

computer.

AIR FLOW
LAUDA WATER
CIRCULATOR —3 CRYSTALLIZATION
+/-0.1C CELLS
TCD

Figure 13. Temperature control box.

Software for Evaporation Control

The sotftware used in this svstem was written using the graphical
programniing language LabVIEW. This language uses graphical icons
representing subroutines which are linked together to form higher
level routines. The library of subroutines includes the fundamental
functions needed in the course of programming. Any necded routine

that is not already available can be created from existing routines.
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Structures also exist for performing repetitive operations such as
for/next, while, and sequence loops.

This particular programming language has several inherent features
which makes it useful in a research environment. The logic of the
programming itself is much easier to devise and follow than text based
languages. As a result of these advantages, the time required to write
an extensive program is greatly reduced. For this system, the time
required to get the software up and running was only a few weeks.
Another useful feature of LabVIEW is the ease with which the program
can be modified to meet the newest needs of the user. Any newly
required functions can be written as a subroutine and then inserted
into the code wherever it is needed. The software written for this
system went through several evolutions as new features to the system

were added.
Front Panel

The language is divided into two parts. The outermost level. called
the Front Panel, is the user interface. This level allows the user to
enter the experimental conditions prior to running the program. The
specific evaporation method to be used is specified in this level and
the appropriate software subroutines are enabled. This level also has
real time displays for monitoring the progress of the experiment.
These include the evaporation profile that the experiment is following,

the total amount of water evaporated from the protein solution at any
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given time, temperature and any errors that may have occurred. The
Front Panel used in this system is shown in Figure 14. As mentioned
earlier, this level is where the user can interact with the software and
is the only level one ever needs to see. It was set up to allow someone
with only minimal knowledge of computers to enter parameters and

perform experiments using this system.

Diagram

The second part of the software is the Diagram. The diagram is
where the program is coded and is normally invisible to the user. The
code itself looks very similar to a flow chart which is useful in
programming. The individual subroutines are obtained from a library.
which contains the basic functions typically used in programming, or
are custom written by the programmer. These routines are linked
together with "wires,” which direct the logical flow of data from one
routine 10 the next. Errors in the course of programming are
corrected through an interactive debugger. The language returns any
error with a "broken wire.” This designation indicates that an
improper connection has been made. The program actually will not
execute until all broken wires have been removed or repaired.

The software used in this system was divided into several individual
functions and coded through a sequence structure so that the routines
would be executed in a specific order. A description of these
functions. their individual operation. and a diagram of each routine are

given below. A flow chart of the logic of the entire program is shown
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in Figure 15. The entire working code of the program is listed in

Appendix 2.

Initialization. The first operation performed by the software was to

initialize all of the internal and external hardware. This routine was
necessary to ensure that all of the hardware was in its starting
configuration. The code for performing this operation is shown in
Figure 16. The multifunction board inside the computer was
configured to allow analog inputs and outputs. The three ports on the
digital board inside the computer were configured as outputs. The
starting time is recorded in computer tick counts and converted to

seconds (60 ticks/second).

Evaporation Control and Monitoring. The evaporation while loop

executes only if the time limit of the program has not been exceeded
(Figure 17). The program compares the length of time the
experiment is set to run with the time elapsed since the program was
started. If the time the experiment has run has not exceeded the total
time, then a true output is sent to a logical "and” function. If the
length of the experiment has been exceeded. then this routine
terminated and the data arrays which were accumulated were sent to
the next subroutine which writes the data to file.

The next function accumulates a baseline reading from the TCD
which is used in the first iteration of the while loop (Figure 18).

Establishment of the baseline in each iteration was done to
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compensate for any drift in the TCD baseline. Then, a comparison is
made on the total integrated voltage read from the TCD, converted to
volume from a previous calibration, with the desired volume
determined from the evaporation profile equation from the Front
Panel. If the total volume evaporated is greater than the equation
output. then the valves remained closed for a set period of time
determined from the Front Panel. If the total volume evaporated is
less than the equation output, then a baseline reading is obtained
before the chamber is purged. The chamber was purged for a preset
time that depended on the volume of the cell to be purged and the
flow rate of the gas. This loop was repeated until the final volume to

be evaporated was reached or the time expired.

Temperature Monitoring. Simultaneously with the evaporation

loop. the temperature within the control box was recorded with the

while loop in Figure 19.

Humidity monitoring. When appropriate, humidity was monitored

using the humidity reader subroutine shown in Appendix 2.

Conductance monitoring. A similar subroutine was used to monitor

conductance and is also listed in Appendix 2.

Termination and File Storage. The final function that the software

perforied was to write the accumulated data to a file (code shown in
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Figure 20). The data, which had been accumulated in arrays, was
combined into a matrix, transposed, and saved as a spreadsheet file.
This allowed the data to be accessed with Cricket Graph or Microsoft

Excel for graphing and data manipulation.
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CHAPTER 1II

PURIFICATION OF HEN EGG WHITE LYSOZYME

Introduction

The importance of protein purity in crystal growth studies cannot
be understated. The problem lies not in reproducing crystallization
conditions but in isolating a protein preparation whose composition is
uniform each time. While the actual preparation of a protein for
crystallization is simple once the conditions are knowmn. isolation and
purification procedures are difficult to reproduce. It is not uncommon
that one preparation will yield crystals over a wide range of conditions
while other preparations will not. Commercial preparations frequently
contain salts, preservatives and other additives that are not specifically
stated. Furthermore, the composition of the desired protein and
protein impurities will varvy with different batches.  However.
commerc:al preparations are a convenient source of protein. Ior this
reason, hen egg white lysozyme was purchased from Sigma Chemical
Company and Calbiochem Corporation. It was further purified by a
number of techniques. This approach allowed pure protein to be

obtained from a commercial source.
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Materials and Methods

Hen egg white lysozyme was purchased from Sigma Chemical
Company (Grade I, Lot 46F-80602 and Lot 46F-8060) and Calbiochem
(Lot 901411). Micrococcus Luteus was from Calbiochem. Spectra/Por
dialysis membranes were purchased from Spectrum Medical
Industries with molecular weight cutoff (MWCO) of 15.000 (wet tubing
#132121) and 6,000-8,000 MWCO (dry tubing #132660). Bulffer
reagents were Fisher Certified ACS. NaCl was Baker Analyzed Reagent
grade. Deionized water (Barnstead Nanopure II), 0.2 um filtered, was
used for all solutions. Samples were also filtered with Gelman
Sciences Acrodisc disposable filter assembly (0.2 um).
Electrophoresis reagents were Pharmacia. Precast dels (PhastGel
Gradient 8-25 and PhastGel IEF 3-9) with 6-8 lanes were purchased
from Pharmacia along with the SDS Buffer Strips. Pharmacia's
-Electrophoresis Low Molecular Weight Calibration Kit was used for
protein standards. Comassie blue development of the gels used
PhastGel Blue R tablets from Parmacia. Silver stain development used

silver nizrate and reagents from Fisher.

SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE! was performed with the PhastSystem (Pharmacia LKB
Bioteciinziogy AB) according to the manufacturer's recommendation.

62



Samples were dissolved in a buffer containing 10mM Tris (HCL), pH
8.0, with 1mM EDTA, 2.5% (w/v) SDS and 2.5% 1,4 dithiothreitol.
Comassie Blue staining of the gels was performed in the Development
Unit of the PhastSystem. The silver stain development procedure
used is shown in Figure 21. Dilutions were made from a purified
lysozyme solution to determine the detection limit of the silver stain

technique for lysozyme.

Isoelectric'Focusing

To separate the proteins in the Sigma lysozyme according to their
isoelectric points isoelectric focusing (IEF) with the Phast System was
used according to the manufacturer's recommendations. Samples
were dissolved in a 0.01M phosphate buffer at pH 8.00 to a total
protein concentration of 2.0 mg/mL. Comassie Blue staining of the

gels was performed in the Development Unit of PhastSystem.

Lysozyme Activity Assay

To analvze the purity of a lvsozyme solution the relative activity ot
the solution was measured against a pure lysozyme solution. Since
lysozyme is known to lyse micrococcus luteus cells its activity on these
cells can be used to assav the purity of a protein solution. The
concentration of a miicrococcus luteus suspension was adjusted by

dilution with 0.01M phosphate buffer pH{ 8.00 until the Aysy was
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approximately 0.100. 3.0mL of this solution was placed into a
disposable polystyrene cuvette and the signal allowed to stabilize. The
purified lyvopholized solids (standard) and the unknown lyopholized
solids were made to a concentration of total protein of 2.5 mg/mL in
0.01M phosphate buffer pH 8.00. 210 pL of the standard and
unknown were added to separate cuvettes containing the micrococcus
luteus suspension and the cell was mixed by inversion. The
absorbance of the mixture was monitored for several hours and the
rate of decrease in the absorbance was calculated from the slope.
Comparison of the two slopes yielded an estimation of the purity of the

unknown sample.

Ion Exchange Separation

Fast Protein Liquid Chromatography (FPLC) was used to separate
the Sigma and Calbiochem lysozyme from protein impurities. The
components of the HPLC system were all purchased from Pharmacia
LKB. Thev are: (1) LKB 2152 HPLC controller (2) LKB 2151 Variable
Wavelensth Monitor (3) LKB 2156 Solvent Conditioner (4) LKB 2150
HPLC Pump (5) LKB 2210 Recorder. A 2.0 mL sample loop was used
giving sample volumes from 0-2.0 mL. A Mono S HR 5/5 and a HR
10/10 pre-packed strong cation exchange column (Pharmacia) was
used tfor the separation. Initial experiments were performed on the

Mono S H5R 5/5 column with scale up procedures on the HR 10/10.
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Solvents were A: 0.01M Phosphate pH 7.10 B: A+1.0M NaCl. Heart
cuts of the individual peaks were analyzed with SDS-PAGE to

determine their molecular weight.

Membrane Separation

Proteins can be separated from small molecules by dialysis through
a semipermeable membrane, in which the protein is retained inside a
dialysis bag while the smaller molecules and ions diffuse through the
pores and emerge outside the bag. This technique is used most
frequently to remove salts and buffers from protein solutions.
Membranes can also be used to separate proteins of significantly
different molecular weight. Impurities were separated from lysozyme
(MW=14.400 daltons) using two dialysis bags (Figure 22). Five
milliliters of an 80 mg/mL sample was placed into a 32 cm bag of
15,000 MWCO dialysis tubing. The tubing was sealed with knots and
inserted into the 6.000-8,000 MWCO tubing. Deionized water was
added to the outer bag so that the level was approximately 3/4 of the
length o: the bag. The outer bag was sealed with closures so it could
be reopencd to remove fractions. The double bag was then placed in 4
L of deionized water and allowed to stir at 8-10°C. The deionized
water was replaced daily.

The amiount of lvsozvme in the outer bag was monitored dailv by
measurins the absorbance of the solution at 280 nm using an

absorptiz coetficient (A" 1em) of 26.5 [1]. The volume of solution
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in the outer bag was estimated by measuring the length of the liquid
column in the bag and multiplying this by the capacity rating of the bag
(0.32mL/cm). SDS-PAGE with silver staining development was used
to check the protein composition of the solutions in the inner and
outer bags. Before SDS-PAGE the samples were ISfophilized with a
LabConoco bench top lyopholizer and weighed to ensure equal

concentration of total protein.

Results and Discussion

SDS-PAGE on the unpurified lysozyme from Sigma revealed a total
of five bands (Figure 23). The molecular weights of the bands were
determined using a log MW versus Ry plot (Figure 24). They were
found to be 14.6K (lysozyme), 17.5K. 27.8K, 46.8K and 77.9K.
Calbiochem lysozyme was analyzed using the same procedure and was
found to contain only the 17.8K and 14.4K bands (Figure 25). Both
Sigma and Calbiochem samples were separated on the Mono S HR 5/5
column with a step-wise gradient (Figure 26 and 27).

Fractions of the Sigma chromatogram were collected and run on
the PhastSystem to determine their molecular weights. The samples
were too dilute to be seen by the comassie or silver stain development.
A concentration step was added and four of the peaks were able to be
identified. The 3rd peak was found to be the 17.8K impuritv. The 4th
and 5th peaks were both lysozyme and the 6th peak was the 25K

protein. Peaks 1 and 2 were too dilute to be identified and efforts to
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SDS-PAGE. Samples dissolved inl OmM Tris
(HCI), pH 8.00, with 1mM EDTA, 2.5% (w/V)
SDSand2.5% 1.4 diothiothreitol. Heated at
100 °C for 5 minutes. Comassie Blue Devel-

opment.

(1) Pharmacia Low MW Standards (2) Sigma
Lysozyme Lot 46F-8060 ~ 12,000ng (3) Sigma
Lysozyme Lot 46F-8060 ~ 6,000ng (4) Sigma
Lysozyme Lot 46F-80602 ~ 12,000ng (5)
Sigma Lysozyme Lot 46F-80602 ~ 6.000ng
(6) Pharmacia Low MW Standards.

Figure 23. SDS-PAGE on Sigma lysozyme.
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SDS-PAGE. Samples dissolved in10mM Tris
(HCD), pH 8.00, with imM EDTA, 2.5% (w/v)
SDS and 2.5% 1,4 diothiothreitol. Heated at
100 °C for 5 minutes. Comassie Blue Devel-
opment.

(1) Pharmacia Low MW Standards (2) Sigma
Lysozyme Lot 46F-8060 ~ 12,000ng (3) Cal-
biochem Lysozyme ~ 6,000ng (4) Sigma
Lysozyme Lot 46F-8060 ~ 12,000ng (5)
Calbiochem Lysozyme ~ 6,000ng (6) Phar-
macia Low MW Standards.

Figure 25. Comparison of Sigma lysozyme and Calbiochem lysozyme.
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Sample: 50 uL 80mg/mL lysozyme
SIGMA

A: 0.01M Phosphate buffer pH 7.10
B: A+1.0 M NaCl

Flow Rate: 1.0 mL/min

Detector: 280nm

Y Scale: 2.56 Abs Units

X Scale: 5 mm/min
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Sampie: 50 ulL. 80mg/mL lysozyme
CALBIOCHEM

A: 0.01M Phosphate buffer pH 7.10
B: A+1.0 M NaCl

Flow Rate: 1.0 mU/min

Detector: 280nm

Y Scale: 2.56 Abs Units

X Scale: 5 mm/min
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concentrate them were unsuccessful. By elimination, they are the
38.6K and 67K proteins. The lysozyme peak was distorted from a flow
rate that was too high.

The high molecular weight components found in the Sigma
lysozyme could be from either of two sources: (1) They could be
lysozyme molecules connected by intermolecular disulfide bonds, or
other intermolecular cross-links, created during the isolation process.
(2) They could be protein impurities also found in hen egg whites.
Tests were run to try and characterize the proteins. A comparison of
the ratio of molecular weights of the unknown impurities to the
known molecular weight of lysozyme supported the j-mer theory since
all ratios were close to whole numbers. These ratios are 5.3, 3.2 and
1.9 for the bands 77.8K, 46.8K and 27.8K respectively. To test if
intermolecular disulfide bonds were being reduced, protein samples
were dissolved in SDS buffers containing 2.5% DTT, 8.4% DTT and
5% B-mercaptoethanol. If the disulfide bond were not being reduced
with the 2.5% DTT they should be reduced with either the 8.4% DTT
or the 5% B-mercaptoethanol. However, it was found that the high
molecular weight bands were still present even in the presence of
these harsh reducing agents (Figure 28). Therefore, it follows that the
high molecular weight components are not lysozyme molecules
connected by intermolecular disulfide bonds but could be cross-linked
lysozyme molecules..

The catalytic activity of the lysozyme solutions containing the high

molecular weight components was measured. First, the high
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molecular weight components were separated with the membrane
method. SDS-PAGE was run to determine the composition of the
inner bag. It was found to contain lysozyme and the higher molecular
weight bands. However, the high molecular weight bands were
concentrated with respect to the lysozyme band. The catalytic activity
of the solutions in the inner bag was compared to that of a pure
lysozyme solution. The activity of the solution containing the high MW
proteins was determined to be approximately half that of a pure
solution of lysozyme with equal concentration (Figure 29). This seems
to suggest that the unknown bands do not contribute to the lysozyme
activity. To further support these results, the same solutions

Table 4. Proteins of Pharmacia's Broad pl Calibration Kit and their
corresponding pls.

Sample pI
lentil lectin (basic) 8.65
lentil lectin (middle) 8.45
lentil lectin (acidic) 8.15
horse myoglobin (basic) 7.35
horse myoglobin (acidic) 6.85
human carbonic anhydraseB 6.55
bovine carbonic anhydrase B 5.85
B-lactoglobulin A 5.20
soybean trypsin inhibitor 4.55
amyloglucosidase 3.50

were separated by isoelectric focusing. Since lysozyme has an
isoelectric pH of 11.00 and the only ampholytes (aliphatic polyamino-
polycarboxylic acids) available were in the pH range 3-9 (Table 4) it
was not possible to measure the isoeletric pH of lysozyme with the
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CRIGINAL FAGE IS
OF POOR QUALITY

SDS-PAGE. Samples dissolved in10mM Tris
(HCl), pH 8.00, with 1mM EDTA, 2.5% (w/V)
SDS and 2.5% 1,4 dithiothreitol(DTT), 8.4%
DTT or 5% S-mercaptoethanol. Heated at
100 °C for 10 minutes. Comassie Blue Devel-

opment.

(1) Sigma lysozyme in 2.5% DTT ~ lmg/mL
(2) Sigma lysozyme in 2.5% DTT ~ 0.5mg/
mL (3) Sigma lysozyme in 8.4% DTT ~ 1mg/
mL (4) Sigma lysozyme in 8.4% DTT ~ 0.5
mg/mL (5) Sigma lysozyme in 5.0% S5-
mercaptoethanol ~ lmg/mL (6) Sigma
lysozyme in 5.0% S-mercaptoethanoal ~ 0.5
mg/mlL.

Figure 28. SDS-PAGE on Sigma lysozyme with different strength
reducing agents.
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CRIGINAL PAGE IS
OF POOR QUALITY

Isoelectric Focusing. Samples dissolved in 0.01M
phosphate buffer, pH 8.00 to a total protein
concentration of 2.0 mg/mL.

(1) Pharmacia's Broad pl Calibration Standards;
see Table 4. (2) (3) Sigma lysozyme with
impurities. (4) (5) Sigma lysozyme purified. (6)
Standards.

Figure 30. Separation of Sigma lysozyme and unknowns with
isoelectric focusing using the PhastSystem and PhastGel 3-9..
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PhastSystem. However, it was possible to determine if all the bands
seen on SDS-Page had the same isoelectric pH. It was found that the
high MW proteins had different isoelectric points than lysozyme
(Figure 30 and Figure 31). This suggests that the unknown bands are
due to other protein impurities. However, it is difficult to know
whether the different isoelectric pH's are due to different types of
protein components or the result of chemical modification of the same
protein.

The manufacturer's recommended scale up procedures were used
to scale up from the HR 5/5 to the HR 10/10. Resolution was retained
up to 40 mg of lysozyme injected. While this is excellent for most
protein samples it still required 25 runs to get 1 gram of protein.
Since several grams of lysozyme were needed a new procedure was
developed that required less time.

The impurities are all of a higher molecular weight than lysozyme
so they can be trapped by a membrane with 15,000 MWCO. Lysozyme
should traverse the membrane and be trapped in the outer bag.
Analysis of the solution in the outer bag by SDS-PAGE with silver stain
(Figure 32) showed only the lysozyme band. The silver stain
procedure was found to have a sensitivity of 10 ng per band of protein.
Since the most concentrated band (lane 1) shows no higher molecular
weight impurities, the amount of impurities in the sample is less than
1.25%. The solution in the inner bag was found to contain lysozyme

and the four protein impurities (Figure 32).
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94K
67K

43K
30K
NIK

Figure 32. SDS-PAGE on s

94K
67K

43K
30K
2K

SDS-PAGE. Samples dissolved in10mM Tris
(HCI), pH 8.00, with 1mM EDTA, 2.5% (w/v)
SDS and 2.5% 1,4 diothiothreitol. Heated at
100 °C for 5 minutes. Silver Stain Develop-
ment described in Figure 21.

(1) Pharmacia Low MW Standards (2) Inner
bag 100 ng total protein (3) Inner bag 50 ng
total protein (4) outer bag 100 ng total pro-
tein (5) outer bag 50 ng total protein (6)
Pharmacia Low MW Standards.

membrane separation.
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SDS-PAGE. Samples dissolved in10mM Tris
(HCI}, pH 8.00, with 1mM EDTA, 2.5% (w/V)
SDS and 2.5% 1,4 diothiothreitol. Heated at
100 °C for 5 minutes. Comassie Blue Devel-
opment.

(1) Pharmacia Low MW Standards (2) Sigma
Lysozyme Lot 46F-8060 ~ 12,000ng (3) Sigma
Lysozyme Lot 46F-8060 ~ 6,000ng (4) Sigma
Lysozyme Lot 46F-80602 ~ 12,000ng (5)
Sigma Lysozyme Lot 46F-80602 ~ 6,000ng
(6) Pharmacia Low MW Standards.

Figure 34. Comparison of different lot numbers of Sigma lysozyme
with SDS-PAGE.
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Monitoring the absorbance of the solution in the outer bag showed
that the exchange process took 5-10 days (Figure 33). To speed up
this process the 15,000 MWCO containing unpuriﬁed lysozyme was
placed in the reservoir container of an Amicon Stirred Cell
concentrator with a 10,000 MWCO Millipore membrane. Fresh water
was added to the reservoir periodically so that the rate of the
exchange process would remain high. After several changes of water
the solution was concentrated down to just a few milliliters. Using the
Amicon in this manner allows one to desalt, purify and concentrate in

one step.

Conclusions and Recommendations

~ From these studies on the purity of commercially available lysozyme
it is evident that care should be taken to purify or at least test the
purity of commercial sources of proteins. SDS-PAGE on different lot
numbers of Sigma lysozyme showed a different distribution of
impurities (Figure 34). This inconsistency contributes to the difficulty
in reproducing crystal growth conditions. The impurities in the
Sigma lysozyme are thought to be different types of proteins rather
than modifications of lysozyme. However, to be completely certain of
this it would be necessary to do a specific detection technique after

separation such as western blotting.
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CHAPTER IV

HANGING DROP VAPOR DIFFUSION STUDIES ON THE
CRYSTALLIZATION OF LYSOZYME

Introduction

Crystals of hen egg white lysozyme were grown using the hanging
drop .vapor diffusion method in Linbro plates. The conditions for
crystallization were optimized according to pH, salt concentration and
protein concentration. Several different conditions were then used to
vary the quality of the crystals. These crystals were used as the initial
starting conditions for the gas equilibration method of growing protein
crystals. The crystals grown with the hanging drop vapor diffusion
method were also used as control experiments to evaluate the gas
equilibration method. Since the gas equilibration method required
that no volatile solution components be used it was necessary to
develop new conditions for crystallization than those used in the past.
Efforts were made to evaluate the quality of the crystals grown under
the new conditions and explain the results in terms of the crystal
growth mechanism of lysozyme. Studies were also done to determine
if the conductance monitoring technique described in Chapter 2

interfered with the crystal growth process.
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Materials and Methods

NaCl was Baker Analyzed Reagent grade. Deionized water
(Barnstead Nanopure II), 0.2 pm filtered, was used for all solutions.
pH buffers were Fisher (+ 0.01). Sodium acetate and ammonium
sulfate were Fisher reagent grade. All other buffers and salts were
Fisher. Linbro plates were purchased from Flow Laboratories and glass
microscope coverslips were from Fisher. Sealing grease was either

Apiezon L or Dow Corning High Vacuum grease.

Lysozyme Crystal Growth

Acetate Buffer, Conditions were optimized by simultaneously
varying the protein and salt concentration at pH 4.00 and pH 4.70 (see
Table 6 and Table 7). The crystal appearance quality was estimated
(see Visual Inspection) and plotted against the salt and protein
concentration in either a 3-D surface or contour graph. The optimum
conditions were then selected from the maximums on these graphs.
The optimum conditions were repeated to ensure reproducibility.
Crystals were grown in 0.1M sodium acetate buffer adjusted to pH 4.00
and 4.70 with 6N NaOH and 6N HCl. [1]. NaCl concentrations were 5-
10% (w/v) NaCl in the buffer. Protein concentrations were ranged
from 10.0 to 50.0 mg/mL buffer. The protein solution was made to
approximate concentration by weighing out the lyopholized protein

and dissolving it in the buffer solution. The solution was adjusted to
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50mg/mL by measuring. Asgo and using Al% of 26.5 [2]. Reservoir
solutions were 1.0 mL of the NaCl solution. Drop solutions were made
up of 10 pL of reservoir solution and 10 uL of protein dissolved in the
buffer. Drops were deployed using Drummond Fixed Volume
Micropipets which had a precision rating of 1%. Microscope
coverslips were silanized using the procedure in Appendix 3. The
coverslips were sealed to each well with Dow Corning High Vacuum
grease. The Linbro boxes were placed in styrofoam boxes and
maintained at room temperature. The room temperature was

estimated to be 23 +/- 4°C.

Citrate Buffer. Crystals were grown with 0.1M citrate buffer at pH
4.00 [3]. NaCl concentrations were 1-5% (w/v) NaCl in the buffer.
The conditions were not optimized for citrate buffer with the
procedure described above. Protein concentrations were prepared
the same as with the acetate buffer. Reservoir solutions were 1.0 mL
of the NaCl solution. Drop solutions were made up of 10 pL of
reservoir solution and 10 pL of protein dissolved in the buffer. The
coverslips were sealed to each well with Dow Corning High Vacuum

grease.
ntinuous Condu e Monito

The conditions for crystallization in sodium acetate buffer (above)

were used to attempt to grow crystals while monitoring conductance.
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At the same time, control experiments were run at the same
conditions with the drop placed on silanized microscope coverslips

instead of on the electrodes.

Solubility Determination

To measure the solubility of lysozyme under different conditions 2
pL aliquots of the mother liquor were removed from drops containing
crystals. To ensure that the system was in equilibrium the
measurements were taken at least 1 month after thé drops were set
up. The aliquots were diluted into 1.0 mL of the appropriate buffer
and the absorbance of this solution was measured at 280 nm using and

Al% of 26.5.
Visual Analysis

A polarizing microscope (Zeiss, West Germany) with camera
attachment was used to study crystal appearance quality. The
appearance of the crystals at a particular condition were assigned a
Response Code according to Table 5. Pictures of the crystals were
taken using a 35mm camera to microscope attachment with either
Kodacolor ISO 400, Ektachrome ISO 400 Daylight or Ektachrome ISO
160 Tungsten balanced.
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Table 5. Estimation of Crystal Quality by Visual Inspection.

Response Code Appearance Quality

o evaporated or
destroyed
clear, no crystals
precipitate, non-
crystalline
many small crystals
few large crystals

S 1"] (]

Diffraction Analysis

The crystals were characterized using a Buerger Precession Camera
(The Charles Supper Company) and later with a Huber Precession
Camera. X-Rays of A = 1.54A were produced from a Cu Rotating Anode
Generator (Rigaku) operated at 40 kV and 50 mA and Ni-filtered.
Reflections were captured either on Polaroid XR-7 3000 speed film or
Kodak X-ray film (crystal-to-film distance = 75mm or 100mm). The
crystals were mounted in glass capillary tubes and sealed with epoxy.
The crystals were mounted with their crystallographic ¢ axis oriented
parallel to the capillary axis. Once mounted, the crystals were first
optically positioned and then aligned to the X-Ray beam following the
manufacturer's recommendations. Two of unit cell parameters were
determined by measuring the spacing between zero level reflections
off of a photograph. The crystal was then rotated 90° to measure the
third axis.
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Table 6. Optimization of crystallization conditions for lysozyme at pH

4.00.
Number % NaCl (w/v) [Protein] Quality
(mg/mL) (0-4)

1 3.0 10.0 1
2 3.0 10.0 1
3 3.0 10.0 1
4 3.0 25.0 2
5 3.0 25.0 2
6 3.0 25.0 2
7 3.0 43.0 0
8 3.0 43.0 2
9 3.0 43.0 2
10 4.0 10.0 2
11 4.0 10.0 2
12 4.0 10.0 2
13 4.0 25.0 2
14 4.0 25.0 2
15 4.0 25.0 2
16 4.0 43.0 4
17 4.0 43.0 4
18 4.0 43.0 4
19 4.0 43.0 3
20 4.0 43.0 3
21 5.0 10.0 1
22 5.0 10.0 1
23 5.0 25.0 3
24 5.0 25.0 3
25 5.0 43.0 4
26 5.0 43.0 4
27 5.0 43.0 4
28 5.0 43.0 4
29 5.0 43.0 4
30 5.0 43.0 4
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Table 7. Optimization of crystallization conditions for lysozyme at pH

4.70.
Number % NaCl (w/v) [Protein] Quality
(mg/mL) (0-4)

1 3.0 10.0 2
2 3.0 10.0 2
3 4.0 10.0 2
4 4.0 10.0 2
5 5.0 10.0 2
6 5.0 10.0 2
7 3.0 25.0 2
8 3.0 25.0 2
9 4.0 25.0 2
10 4.0 25.0 2
11 5.0 25.0 2
12 5.0 25.0 3
13 3.0 43.0 2
14 3.0 43.0 2
15 4.0 43.0 2
16 4.0 43.0 2
17 5.0 43.0 3
18 5.0 43.0 3
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SDS-PAGE on Crystals

To determine the protein composition of crystals they were
sampled from the mother liquor and dissolved in SDS buffer. To
retrieve the crystals the entire drop was pulled into a disposable glass
pipet using suction. The mother liquor was expelled into a 1.8 mL
centrifuge tube and 500 pL of SDS buffer was added. The crystals
adhered to the glass in the pipet and were washed into a centrifuge
tube with 100 pL of SDS buffer. These samples were prepared for
SDS-PAGE by heating at 90°C for 5 minutes. Separation and silver
stain development were carried out with the PhastSystem as in
Chapter 3.

Results and Discussion

Since many factors can influence protein crystal growth a large
number of conditions must be scanned to determine the most
important factors and to provide the best conditions for crystal
growth. To deal with the large number of screening experiments
automated devices have been developed and used to develop effective
search strategies to determine how a parameter influences protein
crystal growth [4]. This is a costly and time consuming effort which
requires several hundred separate experiments to optimize 4 or 5
parameters. Another approach has been to use a statistical factorial

design [5] which can reduce the number of experiments into the
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range of 20 - 30 to optimize 6 parameters. For lysozyme crystal
growth enough information was available in the scientific literature to
reduce the parameters to be optimized to pH, protein and salt
concentration. The conditions for crystallization of hen egg white
‘lysozyme in acetate buffer were determined using a 32 factorial design
where two factors (protein and salt concentration) were evaluated at
three levels (see Tables 6 and 7). This was done for pH 4.00 and pH
4.70. The response curve for both of these sets of experiments are
shown in Figure 35 and Figure 36. At pH 4.00 maximum crystal
quality was found to be at 50 mg/mL lysozyme concentration
(concentrations are before dilution) and 5% NaCl concentration. This
would give a drop concentration of 25 mg/mL lysozyme and 2.5%
NaCl. At pH 4.70 the response curve was flat when compared to the
response curve of pH 4.00 and the maximum appeared to be out of the
range of conditions. The best crystals (level 3) obtained at pH 4.70
were at protein concentrations of 40-50 mg/mL and salt
concentrations of 5-6% NaCl. Since pH 4.00 gave the best crystals
these conditions were selected for crystal growth studies.

The crystals grown in acetate buffer, pH 4.00, at a lysozyme
concentration of 25 mg/mL and salt concentration of 2.5% (w/v), were
large tetragonal crystals with well defined edges. The average area of
the crystals grown under these conditions was measured by the
procedure illustrated in Figure 37) and was found to be 0.396 mm?2
(Table 8). These crystals were mounted onto the diffractometer and

were found to give rise to diffraction spots (See Figure 38). The space
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Figure 37. Procedure for measurement of the crystal area. Crystals
were magnified and photographed. Length X and Z were measured
either off of the photographs with a precision micrometer (+
0.05mm) or with a micrometer eyepiece (+ 0.10mm). The area was
calculated by multiplying X by Z and dividing by the magnification.
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Table 8. Size and Number of Lysozyme Crystals Grown in Linbro Wells
and Acetate Buffer

Average Area of
Linbro Well Number Number of Crystals Crystals @

(mm?)
Al 3 0.356
A2 2 0.343
A3 2 0.528
A4 1 0.400
A5 2 0.643
A6 2 0.486
B1 1 0.659

AVERAGE AREA (mm?2) 0.396 + 0.065

(a) Measured after crystals stopped growing as determined by visual
inspection.
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Figure 38. 109 precession photograph of a lysozyme crystal grown in
0.1M acetate buffer, pH 4.00, at a lysozyme concentration of 25
mg/mL and salt concentration of 2.5% (w/v). From this and an
identical photograph obtained from rotating the crystal 900, unit cell
parameters were found to be a=b=78.7 and ¢=38.2.
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group was determined to be P432,2 with unit cell parameters

a=b=78.7 and c=38.2. These crystals are similar in size and number to
crystals obtained by other investigators using the same conditions [6].
A large variation in the quality, number and size of crystals was
found between those grown in acetate and those grown In citrate
buffers (Figure 39). The crystals grown in citrate were of the same
morphology as the ones grown in acetate, however there were more
crystals per well and they were much smaller (Table 9). The solubility
of lysozyme in citrate buffer at pH 4.00, 2.5% NaCl and room
temperature was determined to be 8.41 mg/mL + 0.02 mg/mL. This
is a smaller value than the solubility of lysozyme in acetate buffer under
the same conditions (12.20 mg/mL) as measured by Pusey (7]. From
this, it follows that lysozyme is less soluble in citrate buffer than in
acetate. This is in agreement with crystallization attempts carried out
in acetate buffer using ammonium acetate and ammonium citrate as
precipitating agents [8]. The lower solubility could encourage more
nuclei to form. Since there is only a limited amount of protein which
much be shared with all nuclei then each crystal will grow to a smaller
size. Because of the volatility of the acetate buffer, it was necessary to
crystallize lysozyme in a buffer that was involatile for the gas controlled
technique. That is why, even though the acetate buffer gave larger and
more symmetrical crystals, most of the gas experiments were done in

the citrate buffer.

100



Table 9. Size and Number of Lysozyme Crystals Grown in Linbro Wells
and Citrate Buffer

Average Area of
Linbro Well Number Number of Crystals Crystals(@

(Approximate) (mm?2)
Al 29 0.153
A2 30 0.118
A3 >35 0.104
A4 24 0.161
A5 >35 0.066
A6 >25 0.088
Bl >25 0.070

AVERAGE AREA (mm?2) 0.109 + 0.038

(a) Measured after crystals stopped growing as determined by visual
inspection.
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Figur

e 39. Hen egg white lysozyme crystal
0.1M citrate buffers at equal salt and
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The largest difference observed was between that of the crystals
grown from the purified and unpurified Sigma lysozyme in citrate
buffer (Figure 40). Here the morphology changed from 3-dimensional
tetragonal seen with unpurified lysozyme to 2-dimensional needle
crystals when the purified form was used. This morphology change
did not occur under the same conditions in acetate buffer. Under
closer observation, it can be seen that these needle crystals are indeed
tetragonal with unequal growth of the 110 face (Figure 37 length Y).
One of these crystals was mounted on the diffractometer and the unit
cell parameters were found to be a=b=78.6 A and ¢=38.1 A (Figure 41).
Since this is equal within experimental error to the unit cell
parameters of the symmetrical tetragonal crystals, then the needle
crystals are also tetragonal. This form of lysozyme crystal has been
reported by Durbin and Feher at low supersaturation in acetate buffer
[9]. In fact, their recent electron microscope experiments showed a
different growth mechanism with the symmetrical tetragonal than
with the elongated tetragonal needle crystals [10].

Since the unpurified form of Sigma lysozyme contains unknown
protein impurities that also absorb light at 280 nm it is difficult to
make the lysozyme concentration equal in the two solutions. It is
possible that the different crystal morphologies observed could be due
to the different lysozyme concentrations. To determine if this was the
case, the concentration of purified lysozyme was scanned from 94.5
mg/mL to 12.5 mg/mL in citrate buffer. At all concentrations the

needle crystals were present, often mixed with the symmetrical
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Figure 41. 10° precession photograph of a lysozyme crystal grown in
0.1M citrate buffer, pH 4.00, at a supposed purified lysozyme
concentration of 25 mg/mL and salt concentration of 1.0% (w/v).
From _this, unit cell parameters were found to be a=b=78.6 A and c=
38.1 A.

105



tetragonal crystals. This seems to suggest that the elongation of the
110 face is not solely due to growth at low supersaturation conditions
as was observed by Durbin and Feher but that other factors are also
influencing the crystal shape. Further evidence of this is that there
was no difference in the crystals grown with the purified and
unpurified forms in the acetate buffer. If one looks at the phase
diagram for lysozyme in acetate buffer (Figure 42) the region of
interest (pH=4.00, temperature=23°C and [salt]=2.5%) is relatively
flat. This can be interpreted as small changes in the conditions (such
as unequal protein concentrations) will have very little effect on the
final crystal forms. However, the the phase diagram for lysozyme in
citrate buffer is unknown and it is expected that it would not have the
same shape as the one in acetate buffer since lysozyme is less soluble
in citrate than in acetate. It is likely then that the region of interest
could be quite steep and that small changes in the conditions would
yield large changes in the crystal appearance.

In an effort to understand the reason for the different crystal
forms, the crystal growth of unpurified lysozyme was followed with
SDS-PAGE. Both the mother liquor and the crystal were run on a gel
with SDS-PAGE (Figure 43). After silver stain development it was
apparent that there were no high molecular weight impurities in the
crystals but they were present in the mother liquor. This is logical
since it would be difficult for these components to fit into the
crystalline lattice. Whether or not the impurities are involved in the

crystal growth mechanism is still unknown.
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SDS-PAGE. Samples dissolved in 10 mM Tris
(HCI), pH 8.00, with 1mM EDTA, 2.5% (w/v) SDS
and 2.5% dithiothreitol. Heated at 1000C for 5 min.
Silver Stain Development. Lanes 5 and 6
background smoothed.

(1) Dissolved lysozyme crystal (2) Mother liquor (3)
Mother liquor (4) Dissolved lysozyme crystal (5)
Mother liquor (6) Mother liquor. See text for details.

Figure 43. SDS-PAGE with silver stain development on a solution of
dissolved lysozyme crystal and diluted mother liquor.
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In order for the flat conductance cell to be of use for monitoring
solution conditions it must not interfere with the crystal growth
process. To investigate this, a drop was placed over the electrodes
containing lysozyme at the conditions for crystallization in acetate
buffer. The conductance coverslip was then inverted over a reservoir
solution that was twi.ce the concentration of NaCl as the drop. The
system was sealed with grease and the electrodes were energized
continuously. After 24 hours the drop was observed under a
microscope. The solution was brown in color and no crystals were
observed. The control experiments remained clear and colorless for 6
days. Crystals were observed in the control experiments on the
seventh day. Since the continuous energizing of the electrodes
interferes with the crystal growth process, possibly by denaturing the
protein, the flat conductance cell used in this manner is only useful for
determinating the evaporation curve before biological components are
added. To overcome this problem, the electrodes could be energized
when an optically isolated relay on the external module board activates
a double throw relay which connects the conductivity meter to the
electrodes. Crystals of lysozyme were grown with this arrangement by
Bray [11].
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Conclusions and Recommendations

The success of the development of the gas equilibration technique
was dependent upon having the best conditions for lysozyme crystal
growth. It was necessary that the conditions be reproducible so that
any variation in crystal quality could be interpreted in terms of the
type of equilibration and not variations in initial conditions. The
importance of this was recognized early on and much effort was put
into establishing protocols for delivering initial starting conditions
that were exactly the same as those used in Linbro well hanging drop
vapor diffusion studies. It was also important to establish the best
crystals obtained in hanging drop vapor diffusion at a number of
different starting conditions. These crystals were used to compare
the crystals grown with different equilibration profiles using the gas
equilibration technique. Furthermore, it must be known that any
monitoring techniques used were not interfering with the crystal
growth process. Since the flat conductance cell was found to interfere
with the crystal solution when left energized continuously, it was used
primarily for quantification of the equilibration curves. It was not used

on samples that were to produce crystals.
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CHAPTER V

pH CONTROL OF SUPERSATURATION

Introduction

Crystallization of proteins by pH equilibration has become a popular
technique [1]. The ability to control the pH of a drop will expand the
pH equilibration profiles available to protein crystal growers. The
objective of the pH experiments described in this chapter was two-
fold: (1) Determine the rate of pH equilibration in a hanging drop
vapor diffusion crystallization experiment; (2) Determine if it was
possible to computer control the pH of a small drop (10-30uL) with
purges of acetic acid or water-saturated nitrogen gas. Once the pH
equilibration within a Linbro well was known, efforts were made to

slow down that equilibration with the added control of the gas system.

Materials and Methods

pH calibration buffers were 0.05M Fisher certified accurate to +
0.01 at 250 C. Deionized water (Barnstead Nanopure II), 0.2 pm

filtered, was used for all solutions. pH buffers were Fisher (+ 0.01).

Sodium acetate and ammonium sulfate were Fisher reagent grade.
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Buffers and salts were all Fisher. All pH control experiments were
carried out with 30 pL drops of deionized water.

pH Equilibration

The sitting drop arrangement was used to monitor the pH
equilibration in vapor diffusion crystal growth. No biological
components were present in the drop. The pH was adjusted so that
there was at least a 2 pH unit difference between the drops and
reservoirs. For the reservoirs, a solution of 1.0 M sodium acetate
(NaOAc) was adjusted to a pH of 5.32 with 6N HCI and a 1.0M
ammdnium sulfate ((NH4)oSO,4) was adjusted to a pH of 7.95 with 6N
NaOH. For the drops, a 0.5M sodium acetate solution was adjusted to a
pH of 7.48 with the NaOH and a 0.5M ammonium sulfate solution was
adjusted to a pH of 5.22 with the HCl. The solutions were set up in a
Linbro box with inverted beakers purchased from Fisher (Figure 32).
Depressions were made in the beakers by heating them until soft and
depressing the flat surface with a curved rod. They were then
silanized using the procedure in Appendix 3 and sealed to the bottom
of each well with silicone rubber sealant (Elmers). 1.0 mL of the 1.0M
solutions was placed into the reservoir with a 1.0 mL eppendorf pipet.
A 30 pL drop of the 0.5M solutions was placed onto each miniature
beaker with an eppendorf pipet. This was repeated for all 24 wells so

that 12 wells were set up for NaOAc and 12 were set up for
(NH,4)9SO4. The initial pH of both the drop and reservoir were
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recorded. Each well was sealed with vacuum grease. At random, a
well was selected for (NH,)»SO,4 and NaOAc and the time and pH of
both the drop and reservoir were recorded. The well was marked so
that no well was measured twice. The pH was monitored in this
manner until the pH no longer changed from its previous value. Two

trials were run for each salt.

Calibration

pH. The voltage response from the recorder output of the pH
meter was converted to pH by a calibration relationship that was
determined by measuring the response of three pH buffers (4.00, 7.00
and 10.00 pH units). The response was averaged over the time period
that each buffer was measured and was plotted against the appropriate
pH value. The relationship was entered into the LabTECH program so
that conversion to pH was made as the readings were taken from the

pH meter.

as Flow Rate., The flow rate of the gas stream was monitored by

two rotameters, one for flow rates on the order of 0-8.0 mL/sec and

one for flow rates ranging from O to 1.5 mL/sec. Both had to be field
calibrated for N, (g). This was done using a soap bubble flow meter

which was made from a 50.0 mL buret and a suction bulb.
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pH Control

First, the gas bubblers were filled, one with 20.0 mL of deionized
water and one 20.0 mL 2.04M acetic acid. The gas flow was
monitored both out of each bubbler and out of the cell with the low
flow rotameter. The flow was found to be equal at all three locations
and was constant at 0.45 mL/sec. A 30 pL drop of deionized water was
suspended from the micro pH electrode with a 50 pL Hamilton
syringe. The control program described in Chapter 2 was executed
and the pH, time and temperature was monitored at a rate of 1 Hz.
There was no temperature control for these experiments so the
temperature was monitored and the pH had to be corrected for any

temperature change.

Results and Discussion

At a fundamental level, pH measurement involves some

uncertainty. pH measurement by an electrode measures the activity of

the hydrogen ion or ag+. The relationship is known to be:

pH = -log ay+ = Ecell - Eo' - Ej
S

where Eo' is a constant from the reference half-cell, Ecell is the
electrical potential of the electrochemical cell and Ej is the junction

potential which must be known in order to measure pH. Since it is
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not possible to measure Ej with complete accuracy, the pH scale was
established by reference to a standard buffer with a given pH value [2].
The pH of the unknown solution is measured by comparing the
potential of an electrode in the unknown with the potential in a
standard buffer. However, Ej may change from sample to sample
especially in the case of samples with different ionic strengths.
Illingworth [3] reported large pH errors in samples with different
jonic strengths. For the pH control experiments carried out on
hanging drops, the ionic strength of the solutions was kept constant
by using deionized water. Since deionized water is low ionic strength -
it can cause problems with pH measurement such as errors in the
junction potential and sluggish response. To minimize these errors,
an electrode was chosen that was micro in size and had a design
whichh minimized electrode junction potential errors. This same
electrode was used for pH equilibration experiments.

The pH equilibration rates in Linbro wells for both ammonium
sulfate and sodium acetate were determined and are shown in Figures
44 and 45 respectively. The change in pH represents the transfer of
volatile ammonium and acetate ions between the drop and the
reservoir. The time scale for this transfer is on the order of 2 hours
for both salts. Mikol and Giege also determined the pH equilibration
of a drop of ammonium sulfate to be about 2 hours [4]. The pH of the
reservoir tends to determine the final pH of the drop. Because this is
a rapid process, in crystallizations the rate of approach to the final

supersaturation level will be very fast. This should affect the final size
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and number of crystals. It would be of some benefit for crystal growers
to have the ability to very slowly approach the final pH by using acetic
acid or ammonia saturated nitrogen gas.

The first step in the pH control experiments was to calibrate the
rotameters and the computer program. Figure 46 and Figure 47 show
the results of the calibration of the high and low flow rotameters
respectively. Figure 48 shows data output from the computer program
for the pH measurement of the three calibration buffers. When the
voltage response was plotted against the pH values (Figure 49) a
straight line with a correlation of 1.00 was obtained.

The first experiment performed was to open the valve to the acetic
acid bubbler and see if any pH change could be detected in the drop
after a significant amount of time (45 minutes). As can be seen in
Figure 50, the pH of the drop changed from 5.9 to 4.1 in a matter of
seconds so that the rate of change was equal to -1.91E-2 pH units/sec.
After the acetic acid saturated gas had been purging the cell for 15
minutes the pH finally equilibrated at about 4.1. The "hill" occurring
after the large pH drop is most likely due to pH gradients within the
drop created as the acetic acid is taken into the drop at the gas/liquid
interface and then must diffuse through the liquid to the electrode. It
is understandable that this diffusion process would be on the order of
several minutes since the ionic strength of the drop is low and
therefore, the free electrolyte diffusion would be slow.

To slow the pH change rate the acetic acid saturated gas was

added to the cell in 10 second purges, followed by an off period of 10
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seconds to allow some time for uptake of the acetic acid into the drop.
Dry nitrogen gas was then passed through the cell for 15 seconds to
remove the material not absorbed into the drop. After 25 seconds the
above cycle was repeated until the program was terminated. With this
valve arrangement the pH of the drop changed from 6.52 to 4.44 in a
period of 104 seconds or a rate of change of
-2.00E-2 pH units/sec (Figure 51). While this is an improvement the
pH is still changing rapidly and the goal of this technique is to very
slowly change the pH. To slow down the pH change, the off interval
between the acid valve opening and the dry gas valve opening was
increased from 10 seconds to 60 seconds and the final off interval was
increased from 25 seconds to 40 seconds. This caused the pH to
decrease at a much slower rate (-2.89E-4 pH units/ sec) (Figure 52).
However, after the first 7 minutes, the pH began to oscillate up and
down between 0.1 pH units with an overall decrease in pH. The
oscillations were in sync with the opening and closing sequence of the
valves and it was thought that they were due to the removal of acetic
acid from the drop and the cell with the purges of dry gas. This is an
excellent picture of the removal and replacement of volatile solution
components from the drop. Therefore, it is important that care be
taken when volatile buffers and precipitating agents are used. It is
possible to replace these components by saturating the gas and
purging the cell.

Figure 53 shows the pH change with the addition of a purge of

water-saturated gas. With this arrangement there are now two factors
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which determine the pH change within the drop. the addition of
acetic acid and the dilution of the drop with water. Initially, there is
decrease in the pH from the addition of acetic acid. There is a shift in
the direction of pH change at about 5 minutes when the dilution effect
begins to overcome the acetic acid addition effect. This experiment
was repeated to determine if the pH change was reproducible and the
duplicate experiment is shown in Figure 54. Once again there is a
quick decrease in the pH until the pH begins to first level and then
rise after 5 minutes. The overall shape of the curve was similar to the
previous experiment. The differences that do exist are thought to be
due to the difference in temperature between the two experiments. It
has been reported that pH values can differ as much as 0.2 pH units/ ©
C [5]. It was desirable to be able to control both the dilution and acid
addition so that a slow stepwise control of the pH was possible.

To determine the relative strengths of the two effects, both the
water and the acid intervals were made equal (10 seconds). As seen in
Figure 55, the acid addition effect is dominant in the early stages and
then the dilution effect is dominant in the later stages. Since the
water addition is the most dominant effect, its interval was reduced to
5 seconds while the acid addition interval remained at 10 seconds.
This resulted in a small pH decrease initially (0.5 pH units) followed
by a stepwise increase in the pH (Figure 56). While this is more
controlled. it was desired that the dilution effect be further
minimized. Therefore, the water-saturated gas was mixed with dry

gas
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before it entered the cell. This should reduce the water content of
the gas and thereby reduce the dilution of the drop. The acid interval
was also increased to 15 seconds while the water-saturated/dry gas
purge time was kept at 5 seconds. As can be seen from Figure 57, this
slowed down the dilution of the drop so that there was a stepwise
decrease in the pH of the drop. The rate of change in pH was -1.84E-
4 pH units/sec and finally levels to approximately a zero slope.

Table 10 compares the slopes for the various experiments
reported above. The addition of the water-saturated/dry gas allowed
for the slowest decrease in pH. Also, in almost every experiment
there was an initial dip in pH that was on the order of -1E-2 pH
units/sec. These dips are likely due to the very fast incorporation of
acetic acid into the drop with the first purge. The rate of change for
pH1EXP is of a similar magnitude where the pH change is due only to

one continuous acetic acid purge.

Conclusions and Recommendations

From this series of experiments it has been shown that the pH of a
hanging drop can be controlled with purges of acetic acid saturated
nitrogen gas coupled with purges of water-saturated and dry nitrogen
gas. It is recommended that more experiments be carried out to
determine what effect the oscillations have on protein crystal growth.
It may be possible that since the oscillations are for short periods of

time (10 seconds) and small in amplitude (0.1 pH units) they will not
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Table 10. Comparison of rate of pH change.

Experiment Initial Region | Second Region Third Region
Title Rate @ Rate D Rate €
pH units/sec pH units/sec pH units/sec

pH1EXP -3.45E-2 -1.91E-2 N/A
pH2EXP N/A -2.00E-2 N/A
pH3EXP N/A -2.89E-4 N/A
pH4EXP -1.25E-2 +6.80E-4 +1.33E-3
pHS5EXP -6.50E-3 +5.20E-4 +1.89E-3
pH6EXP -2.05E-2 +1.86E-3 +4.35E-4
pH7EXP -5.04E-3 Not Measured Not Measured
pHSEXP -3.65E-3 -1.84E-4 ~0

aCalculated from initial pH to the pH at which slope first changes direction.

bCalculated from the last point used in (a) to the pH at the second slope change.

CCalculated from the last point used in (b) to the final pH.
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interfere with the crystal growth process. Otherwise, it is possible
that they could be eliminated by very short (1 second) purges of both
acid and water-saturated gas or with the use of buffered solutions.
Since acetic acid is only useful in the pH range of 4-6., it may be
necessary to use other volatile acids and bases to provide more control
over the pH. The final test of this technique is the growth of crystals
by pH equilibration and the evaluation of the crystals grown with
different pH equilibration profiles.
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CHAPTER VI

EVAPORATION CONTROL OF SUPERSATURATION

Introduction

It is expected that the kinetics of supersaturation, which is
directly related to solvent evaporation, will affect protein crystal
growth and nucleation and accordingly determine the quality, number,
size and morphology of the crystals. Before it was possible to
dynamically control the supersaturation of a hanging drop with Na(g) it
was necessary to determine the vapor equilibration occurring in a
traditional hanging drop vapor diffusion crystallization experiment.
Once this processes was understood it was possible to mimic the
evaporation with the N2(g) equilibration and then improve upon it

with the added control provided by the gas equilibration system.

Materials and Methods

Calibration

Flat Conductance Cell Calibration., The coverslip was calibrated

with NaCl standards. 20 uL drops were placed onto the electrodes
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and monitoring the response from the conductance meter with the

computer and with a digital voltmeter.

Thermal Conductivity Detector Calibration. The TCD was
calibrated by placing drops of deionized water with accurate volumes

onto a coverslip. The well was sealed with grease. The computer
program was started and allowed to run until the drop evaporated.
The peaks from the detector were integrated and the areas were
summed. Once the drop had evaporated to dryness, the value of the
summed peak areas was plotted against the volume of the drop. The

drop volumes used were 5 uL, 10 pL and 20 pL drops.

Thermocouple Calibration. The T-type thermal couples were
calibrated by placing the temperature sensitive junction into the Lauda
circulating water bath at temperatures ranging from 18° C to 26° C and
recording the voltage response with the computer. Each reading was

repeated three times.

Vapor Equilibration in Linbro Wells

For quantification of the evaporation in a Linbro well no biological
components were used. The conductance coverslip described in

Chapter 2 was used to monitor the evaporation of 20 pL drop of NaCl

over a reservoir of twice the NaCl concentration. For evaporation

measurements, 1.0 mL of a 0.1M NaCl solution was placed into a
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Linbro well. 10 pL of the reservoir solution was placed on the
electrodes and 10 uL of deionized water was added so that the final
concentration of the drop was 0.05M NaCl. The coverslip was
inverted and sealed to the well with Dow Corning vacuum grease. The
computer program was started and both conductance and temperature

were monitored untl there was no more change in conductance.

Evaporation Control

Initial Conditions. The initial starting conditions for protein and
salt concentrations were the same as those developed in Chapter 4.
The protein used is specified and was either Sigma in its purified or
unpurified form (see Chapter 3). The four conditions used were: (1)
Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate buffer, 1%
NaCl. (2) Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate
buffer, 0.5 % NaCl. (3) Purified lysozyme (25.9 mg/mL), pH 4.00,
0.1M acetate buffer, 5% NaCl (4) Unpurified lysozyme (23.2 mg/mL),
pH 4.00, 0.1M acetate buffer 5% NaCl.

Evaporation Curves. Different evaporation curves were followed
and their effect on the crystals was studied. Two different series were
run. The first was a series of short term evaporation curves (<100
hours) which are shown in Figure 58. The second set of curves were
long term evaporation (< 1000 hours) and are shown in Figure 58.

The desired curve was entered into the program in terms of volume
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evaporated over time where volume was in pL and time in seconds.
The initial volume of all of the drops were 20 puL where 10 pL came
from the protein solution and 10 pL was from the salt solution. Since
the 10 pL dispenser had a precision of 1% (full scale) the initial
volume of the drops were 20 pL * 0.2 uL. Upon termination of the
experiment, the coverslips were transferred to an empty Linbro well
and sealed with grease. The crystals were photographed periodically

until they ceased to grow.

Results and Discussion

Calibration

Flat Conductance Cell Calibration. The flat conductance cell was
calibrated with solutions of known NaCl concentrations (Figure 60).
The calibration response curve was linear at NaCl concentrations
below 0.1M and then exponential above 0.1M. A linear relationship
exists between the conductance response and the square root of
concentration. This is to be expected since NaCl is a strong
electrolyte [1]. The calibration relationship was used in the computer
to convert the voltage response of the conductance meter to NaCl
concentration. In order to stay within the linear range of the flat
conductance cell very dilute concentrations of NaCl ( < 0.1M) had to

be used.
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Thermal Conductivity Detector Calibration, Each drop of deionized

water was evaporated to dryness as shown in Figure 61. The
integrated sum was plotted against the drop volume and a direct
relationship was obtained (Figure 62). This relationship was entered

into the computer program.

Thermal uple Calibration. A straight line relationship was
obtained between the temperature of the water bath and the voltage
response of the thermal couple (Figure 63). The linear correlation
coefficient was R2 = 0.998. This relationship was entered into the
computer program to convert voltage to temperature in degrees

Celsius.

Vapor Equilibration in Linbro Wells

A few studies have been devoted to understanding the parameters
which govern the evaporation of water and volatile solution
components in Linbro wells [2] [3]. However, these studies were done
on measurements of hanging drops by sacrificing one drop out of a
series of drops and measuring the change in refractive index, which is
proportional to the salt concentration within the drop. While this can
be related back to volume evaporated from the drop, it assumes that
each drop equilibrates at the same rate. Furthermore, there are more
sensitive techniques for determining salt concentration than changes

in refractive index. In fact, the errors involved in the refractive index
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measurement have an uncertainty in estimating the change in volume

of a 30 pL drop of + 2.0 pL. This means that the refractive index
procedure is only useful for detecting volume changes greater than 2.0
uL. A more sensitive technique for determining salt concentration in a
drop is measuring solution conductivity since the conductance of a
solution is directly related to the concentration of salt in that solution.
Another advantage to using the flat conductance cell described in
Chapter 2 is that it allows the monitoring to be done on a single drop
so that a dynamic picture of solvent evaporation is obtained.

By monitoring the conductance of a dilute NaCl drop, the
evaporation profile of vapor diffusion from the drop to the reservoir
was determined (Figure 64). From this it was found that the time to
reach equilibrium was 20 days (Figure 65) and the final volume
reached was just over one half of the initial drop volume. The shape of
the evaporation curve was linear for the first 15 days and then curved
asymptotic to the final drop volume. Since the crystallization
conditions for lysozyme in NaCl are at much higher NaCl
concentrations (1-5% NaCl) the time required to reach equilibrium
should be much shorter. However, the shape of the equilibrium curve
should be similar. In fact, similar experiments using refractive index
have shown that equilibrium can take anywhere from 24 hours to 25
days and that the shape and time are determined by the initial solute

concentrations, the difference in the equilibrium vapor pressure of the
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[4].

ration Control

The general shape of the equilibration curve in Linbro wells was
recognized to be similar to the Michelis-Menton binding curve which
has the general form

y = NAX
1 +Ax

By adjusting the coefficients n and A, an equation was developed for a
curve which approached half the drop (10 pL) volume in about 25
hours. This equation was used to investigate the ability of the
instrument to control evaporation of a 20 mL drop (Chapter V). Two
other curves were also developed. One was the inverse of the first
equation and the third a linear equation. These three equations were
entered into the computer program and the response of both the TCD
and the conductance of the drop were monitored. Figure 65 shows
the detection of moisture in the gas stream by the thermal
conductivity detector. These curves are in exact agreement with the
theoretical equations followed by the computer program. During the
same set of experiments the conductance of the drop was measured at

5 minute intervals and the result is shown in Figure 66. While the

151

TR



Volume thru detector

(nL)

12

10 A

—
0 200

400

Time

T v

600

(minutes)

800

1000



15

Volume Evaporated (ul)

r g

T 1
600 800

' T Y \ T
0 200 400

TIME (MIN)

1000




shapes of these curves are similar to the theoretical curves there are
differences which are most likely due to concentration gradients
within the drop created by localized evaporation of solvent at the
surface of the drop.

The first test of the ability of this device to grow crystals was a
study where the conditions for crystallization of unpurified lysozyme in
acetate buffer at pH 4.7 were used (condition (4)). Two linear curves
were followed that evaporated 10 pL from a 20 pL drop in 40 hours
and 80 hours. The results of the crystals obtained with these
equilibration curves are shown in Tables 11 and 12. Not only did the
controlled evaporation curves yield crystals but they were of
comparable size and number to those grown under the same
conditions as those grown in the Linbro wells (see Table 8, Chapter 4).
The average number of those grown with the 80 hour (4.4 + 1.4) was’
equal within experimental error as those grown with the 40 hour
(4.57 + 0.98) equilibration. This was also true of the area of the
crystals in the 80 hour (0.39 * 0.11 mm?2) and the 40 hour (0.37 *
0.05mm?2). These two experiments seem to suggest that gas
controlled evaporation is a viable method for growing protein crystals
and that it does produce crystals that are of the same quality in terms
of size and number as the crystals grown with the traditional reservoir
method. However, these experiments were done with the impure
lysozyme and with acetate buffer which was removed from the drop

with purges of dry gas. This severely limits the chances of

154



Table 11. Results of crystals grown with controlled evaporation
following the 40 hour evaporation curve.

Linbro Well Number of Crystals Average Area
(mm?2) 8

C2 6 0.33

C4 4 0.32

D1 5 0.33

D2 3 0.44

D4 5 0.43

D5 5 0.35

D6 4 0.40
MEAN 4.6 £ 0.98 0.37 + 0.05

a Measured with the procedure shown in Figure 37.
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Table 12. Results of crystals grown with controlled evaporation
following the 80 hour evaporation curve.

Linbro Well Number of Crystals Average Area
(mm?2) &
Bl 6 0.24
B2 4 0.30
B3 5 0.30
B5 5 0.50
B6 2 0.53
Cl 5 0.41
C3 6 0.33
C4 4 0.37
C5 2 0.54
MEAN 4414 0.39 + 0.11

a Measured with the procedure shown in Figure 37.
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reproducing the exact same conditions for future long term
experiments. For this reason, the long term experiments were
carried out using the purified lysozyme from Sigma and citrate buffer
in parallel with the conditions that yielded crystals in acetate buffer.

Long Term Evaporation, The long term evaporation experiments

were carried out on four different sets of conditions and three
different equilibration curves for each condition. The crystals
obtained with each curve were compared not only to the other curves
but also to crystals grown with the hanging drop vapor equilibration
method and are shown in Figures 67-68 and 71-72. In no case were
the differences between the crystals large. However, there were
general improvements seen with the longest curve as compared to the
100 hour curve or the traditional reservoir method with three of the

four conditions.

Acetate Buffer. There were two sets of conditions made up in
acetate buffer. The only difference between the two conditions were
that in one the lysozyme was purified (Figure 67) and the other the
lysozyme was unpurified (Figure 68). For the purified lysozyme there
was a decrease in the number of crystals obtained with each curve (see
Figure 69). As the equilibration time increased the number of crystals
decreased. There was also an increase in the average area of the
crystals with the slower evaporation rates (Figure 70). This trend was

not seen with the unpurified lysozyme. In fact, the unpurified
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5.9 mg/mL), pH 4.00, 0.1M acetate

Figure 67. Purified lysozyme (2
buffer, 5% NaCl (a) (above) Crystals obtained with hanging drop vapor

equilibration with a reservoir. Crystals seen after 2 days (b) (lower)

Crystals obtained with gas evaporation of 10 pL in 100 hours. Crystals
seen after 3 days.
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Figure 67. Purified lysozyme (25.9 mg/mL), pH 4.00, 0.1M acetate

buffer, 5% NaCl (c) (above) Crystals obtained with gas equilibration

curve of 400 hours. Crystals seen after 4 days (d) (lower) Crystals

obtained with gas evaporation of 10 pL in 800 hours. Crystals seen
after 9 days.
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Figure 68. Unpurified lysozyme (23.2 mg/mL), pH 4.00, 0.1M acetate
buffer 5% NaCl. (a) (above) Crystals obtained with hanging drop vapor

equilibration with a reservoir. Crystals seen after 2 days (b)

(lower)Crystals obtained with gas evaporation of 10 pL in 100 hours.
Crystals seen after 3 days.
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Figure 68. Unpurified lysozyme (23.2 mg/mL), pH 4.00, 0.1M acetate

buffer 5% NaCl. (c) (above) Crystals obtained with gas equilibration

curve of 400 hours. Crystals seen after 5 days (d) (lower) Crystals
obtained with gas evaporation of 10 pL in 800 hours. Crystals seen

after 7 days.
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lysozyme showed many more crystals with the longer curve than with
shorter curves. In the case of the impure lysozyme all curves were run
with aliquots from the same solutions so that this difference should
not be from different starting conditions. However, it is not known
what effect the removal of acetate buffer with the purges of gas has on
the crystals. Also, it is interesting that the larger number of crystals at
the longer curves is not observed with any of the conditions which use

purified lysozyme.

Citrate Buffer. In the case of the purified lysozyme in citrate buffer
the most striking difference was seen at the conditions where the salt
concentration was 0.5% (Figure 71). Traditional reservoir
crystallization yielded a mass of precipitate that was not crystalline.
When the curve was slowed to 100 hours there was still precipitant
but it appeared to be crystalline. With the longer curves needle
crystals were obtained and reached a significant size with the 800
hour equilibration. The appearance of the crystals with the 1% NacCl
in citrate buffer (Figure 72) also improved with the longer
equilibration time. The crystals changed from crystal masses in the
100 hour to separate crystals with well defined edges in the 800 hour
equilibration. This difference is encouraging and seems to indicate

that in this case slower equilibration is better.

tal Growth Time. Table 13 compares the number of days

before crystals were observed at each condition for the four curves
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Figure 71. Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate
buffer, 0.5 % NaCl.

(a) (above) Crystals obtained with hanging drop
vapor equilibration with a reservoir. Crystals seen after 4 days (b)
(lower) Crystals obtained with gas evaporation of 10 puL in 100 hours.

Crystals seen after 3 days.
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Figure 71. Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate
buffer, 0.5 % NaCl. (c) (above) Crystals obtained with gas equilibration
curve of 400 hours. Crystals seen after 5 days (d) (lower) Crystals

obtained with gas evaporation of 10 pL in 800 hours. Crystals seen
after 10 days.
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Figure 72. Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate
buffer, 1% NaCl. (c) (above) Crystals obtained with gas equilibration
curve of 400 hours. Crystals seen after 5 days (d) (lower) Crystals
obtained with gas evaporation of 10 pL in 800 hours. Crystals seen

after 11 days. oL
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Table 13. Number of days before crystals were observed in drops.

CONDITION | LINBRO 100 HOUR | 400 HOUR | 800 HOUR
(1) 4 3 5 11
(2) 4 3 5 10
(3) 2 3 4 9
(4) 2 3 5 7

(1) Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate buffer, 1%
NaCl. (2) Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate
buffer, 0.5 % NaCl. (3) Purified lysozyme (25.9 mg/mL), pH 4.00,
0.1M acetate buffer, 5% NaCl (4) Unpurified lysozyme (23.2 mg/mL),
pH 4.00, 0.1M acetate buffer 5% NaCl.

Table 14. Volume evaporated in microliters before crystals were

observed.
CONDITION | LINBRO 100 HOUR | 400 HOUR | 800 HOUR
(1) ? 6.4 3.0 3.3
(2) ? 6.4 3.0 3.0
(3) ? 6.4 3.0 2.7
(4) ? 6.4 3.0 2.0

(1) Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate buffer, 1%
NaCl. (2) Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate
buffer, 0.5 % NaCl. (3) Purified lysozyme (25.9 mg/mL), pH 4.00,
0.1M acetate buffer, 5% NaCl (4) Unpurified lysozyme (23.2 mg/mL),
pH 4.00, 0.1M acetate buffer 5% NaCl.
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studied. The drops were studied once a day to see if crystals were
present. The longer the equilibration curve the longer it took to
achieve crystals. Only with the 800 hour curve was there a difference
in the number of days required to acheive crystal growth with the four
different condtions. Table 14 shows the volume evaporated before
crystals were observed. Crystals were not obtained at the same
volume, or supersaturation level, for a single set of conditions and the
four curves. Nor did they grow within the same length of time. This
suggests that crystal growth is not induced at a particular level of
supersaturation or at a particular length of time. The shorter curves
required that more solvent be evaporated to force crystal growth
within a short time period. The longer curves needed less solvent
evaporated but the first crystals weren't seen for many days. The fact
that there is an improvement in the appearance of the crystals with
the longer curves indicates that if nucleation is delayed by evaporating
less solvent the chances that a protein molecule can add to the lattice
in the best orientation is increased resulting in a more ordered crystal

which can continue growth to a larger terminal size.

No Evaporation. In the case of hen egg white lysozyme evaporation is
necessary to achieve crystal growth. This was determined by placing a
drop containing lysozyme and NaCl on a coverslip and sealing it over
an empty Linbro well. The conditions used were those that had
yielded crystals with reservoir evaporation. After 3 days the drop

contained amorphous precipitate. The main advantage of evaporation
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is that it helps to bring the solution to supersaturation, forcing the
protein out of solution hopefully as a crystalline solid.

Conclusions and Recommendations

The device described in Chapter 2 is able to control the relative
humidity in the crystallization chamber and thus the transport of
water to or from the drop. Using this, several evaporation curves were
used to investigate the role of evaporation in protein crystal growth.
Difference in the crystals were apparent with the different evaporation
curves. At three of the four conditions for lysozyme crystal growth
longer evaporation curves yielded better crystals. The only set of
conditions which yielded worse crystals was that using the unpurified
lysozyme. The time required to see a change in the appearance of the
crystals was much longer than expected. The number of curves
studied so far represent only a small fraction of the ones now available
with the gas equilibration device. Additional curves need to be studied
to determine the best evaporation profile for lysozyme. Once
determined it is hoped that the information gained can be applied to
many proteins to increase the chances that a protein can be
crystallized and its three dimensional structure determined.

One of the main advantages of this technique is the ability to
decouple the nucleation conditions from the growth conditions. In
most circumstances the crystallization drop contains substances that

lower the equilibrium vapor pressure around the drop. Thus, it is

171



possible to purge the volume around the drop with nitrogen in vapor
equilibrium with pure water and cause an increase in the volume of
the drop. This possibility opens several avenues for crystallization that
are not frequently used in the more conventional methods. Proteins
that are less soluble in low salt solutions can be brought to
supersaturation by diluting the drop through occasional purges of the
chamber with "wet" nitrogen. In many cases it would be desirable to
detect the onset of nucleation and respond by slowing or reversing the
evaporation rate to maintain or achieve conditions for optimal crystal
growth. Coupling of this device with a nucleation detection system,
such as laser light scattering, would provide feedback to the computer
and allow the evaporation profile to be altered after nucleation.

Finally, recent interest in the growth of crystals under the
microgravity conditions of the U.S. Space Shuttle has resulted in the
development of this device which provides for control of some of the
crystallization parameters. This device is more suitable for automation
than the traditional techniques. Automation is desirable for the Space
Shuttle experiments and for the U.S. Space Station to minimize crew
interaction time, provide a common procedure for a wide variety of
crystallization experiments, miniaturize the apparatus and compensate
for short duration flight opportunities. The principles described in
this thesis can easily be incorporated into flight hardware.
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APPENDIX 1A

n tance Monit with a Mi nductance Cell.

A miniature conductance cell was designed and blown out of pyrex
glass tubing (Figure 73). Two 20 gauge platinum electrodes were
embedded into the glass. The electrodes were first platinized with

3% chloroplatinic acid. The total volume required for a conductance

Electrodes

Out

Figure 73. Micro-conductance cell.

reading was 5 pL. The cell could be rinsed with deionized water,

followed by an acetone rinse and blown dry with a dust free air blower

in about 1 minute and 30 seconds. The cell was calibrated with NaCl
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solutions of known concentration. It gave a linear respdnse in the
range of concentrations from .25M to 1.5M (Figure 74). The cell had a
precision of < 1% in the middle concentration ranges. It was useful
for calculating salt concentrations. The cell was susceptible to drafts
in the room since it was not temperature controlled. Also, its main

disadvantage was that it required removal of 5 uL from a crystallization
solution, thereby, interfering with the growth process.
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; ]
E o :
o
3]
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5] y = 0.30522 + 8.1792x - 1.4050xA2
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o 1 2 3

[NaCl] (mol/L)

Figure 74. Calibration response curve of the micro-conductance cell.
NaCl solutions made up in 0.10M Na acetate buffer, pH 4.00.
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APPENDIX 1B

Periodic Refractive Index Measurement

The refractive index of a solution varies proportionally to the salt
concentration. Measurement of the refractive index of a drop requires

no dilution since only a small volume (1-5 pL) is required. An Erma

1.37
1.36
E 1.35 1

1.34 -
y = 1.3324 + 9.4093e-3x
RA2 = 1.000

1.33 v T v T v T y

0 1 2 3 4

[NaCl] (mol/L)

Figure 75. Calibration response of refractive index vs. NacCl
concentration at 20° C.
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New Abbe refractometer (Erma Optical Works, LTD) was used for the
measurements according to the manufacturer's recommendations at
20.0 °C. A calibration response curve was prepared for two commonly
used salts in crystallization, NaCl and (NH4)SO4. These curves are
shown in Figure 75 and Figure 76 respectively. The main
disadvantages of refractive index measurements is that it destroys the

sample and that its error is high.

1.39

1.38 -

1.37 -
E 1.36 -

1.35

y = 1.3327 + 2.0855¢-2x
1.34 - RA2 = 1.000
1.33 v T . T :
0 1 2 3
[AS] (mol/L)

Figure 76. Calibration response of refractive index vs. (NHy4)oSO4
concentration at 200 C.
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APPENDIX 1C

Gravimetric Analysis of Drop Volumes

To determine the volume of a drop of deionized water, the drop

was absorbed by a slice of very absorbant glass microfibre filters

(Whatman, 2.0 cm) and placed into a plastic 250 pL centrifuge tube.

The entire assembly was preweighed and its mass was usually around

0.3 g. The volume of the drop was determined by difference. To

determine the limit of detection of this method, five blanks were

measured by preparing the assemblies and weighing twice without

absorbing up a drop. The results are shown in Table 15. If a 90%

Table 15. Determination of the Limit of Detection of the Gravimetric

Method.

Vial Number | Initial Mass | Final Mass Ag Volume (uL)
(g) (g) Py500=0.99705

1 0.36324 0.36321 3E-5 0.3

2 0.36229 0.36222 7E-5 0.7

3 0.36136 0.36124 12E-5 1.2

4 0.36356 0.36351 5E-5 0.5

5 0.36252 0.36250 2E-5 0.2

MEAN (uL) 0.6 +0.4




confidence level is desired then- 20 , where ¢ was found to be 0.6 pL,
gives a detection limit of 1.2 pL. Or in other words, this technique can
only detect a volume difference of 1.2 uL.

Next, this technique was used to measure a 10 pL drop six times.
The data is shown in Table 16. The mean drop volume was found to
be 10.0 + 0.3 uL. Therefore, this technique would be useful in
measuring the drop volumes of water droplets. It could be used to
quantify evaporation curves, however it does destroy the drop. It

would not be useful for closed loop control experiments.

Table 16. Repetitive Gravimetric Measurement of a 10 uL Drop.

Vial Number | Initial Mass | Final Mass Ag Volume (uL)
(g) (8 Py500=0.99705
=====T=—===_J—_—===#

1 0.36321 0.37279 9.58E-3 9.6

2 0.36222 0.37205 9.83E-3 9.9

3 0.36124 0.37122 9.98E-3 10.0

4 0.36351 0.37375 10.24E-3 10.3

5 0.36250 0.37272 10.22E-3 10.2

6 0.36330 0.36250 10.34E-3 10.4

MEAN(uL) 10.0 + 0.3
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APPENDIX 1D

Chloride Ion Selective Electrode

A chloride ion-selective electrode (Orion Research, Model 96178,
Combination) was used to follow changes in the concentration of the
chloride ion. Since the conditions for crystallization of hen egg-white
lysozyme require NaCl as a precipitating agent it was thought that the

1.9

y = 1.9316 - 0.12391x
1.8+ RA2 = 0.992

1.7 -

1.6

Log Electrode Potential (mV)

1.5

[NaCl] (mol/L)

Figure 77. Calibration curve of chloride ion selective electrode.
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volume change of the drop would be proportional to the change in CI-

concentration. The electrode was calibrated with drops of known
NaCl concentration. 10 pL of the standard solution was diluted to 5
mL of water to reach the required volume for measurement. 100 uL of
ISA was added to adjust the ionic strength. The total volume being
measured was 5.11 mL. The log of the mV response of the Orion
Ionanalyzer was found to be linear to the concentration as is shown in
Figure 77.

The major drawback to this measurement techniq'ue is the fact
that it only works with solutions that have the CI” ion in them. It also
requires several dilutions before measurement, which introduces
error. It does destroy the sample so that it is only useful for

quantifying the evaporation curves and not for measurement while

growing crystals.
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APPENDIX 2

Computer Programs

APPENDIX TITLE PAGE
Appendix 2A Computer Automated 184
Crystallization
Appratus.
Appendix 2B Humidity Reader 188
Appendix 2C Conductance Reader 191
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APPENDIX 3

Silanization of ~Microscope Coverslips

1). Sonicate coverslips in aqueous soap solution for 1 hour and
rinse

with deionized water.
2). Dry in oven at 60°C overnigh‘t.

3). Dip each coverslip into a solution of 75 mL toluene and 3 mL of
1,1,1,3,3,3 hexamethyldisilane.

4). Cover with a dust free cloth and set out to air dry.
5). Rinse with deionized water.

6). Oven dry at 60°C overnight.
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